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Abstract
Effects of environmental factor gradients on growth, molting and physiology of 
crabs within the genus Callinectes were examined. Juvenile blue crabs, Callinectes 
sapidus. were exposed to a range of dissolved cadmium concentrations at two salinities 
(2.5 and 25°/oo). 21-day LCS0’s were lower at 2.57oo (19/xg I'1) than at 25°/oo (186/ig 
I*1). Crabs were exposed to Cd levels of 0, 50 and 100/xg I'1 for bioenergetic 
measurements. Energy expenditure did not vary with cadmium. Scope for growth, 
energy consumption and energy absorption were unaffected by Cd at 257oo, but 
decreased with exposure to cadmium at 2.5%o.
Juvenile lesser blue crabs, Callinectes similis. were exposed to a range of 
salinities to determine the effects of salinity on tolerance and bioenergetics. C. similis 
exhibited 21d LCS0’s of 2.6 and 60.8%o at low and high salinity. Crabs were exposed 
to 2.5, 10, 25, 35 and 50%o for bioenergetic measurements. Energy expenditure was 
highest at low salinity (2.57oo), and decreased as salinity increased. Energy absorption 
and scope for growth were greatest at 357oo. Total lipids and RNA:DNA were 
positively correlated with feeding rates but unrelated to salinity.
Juvenile Callinectes sapidus and C. similis were exposed to three salinities over 
67 days for measurement of growth and molting. C. sapidus growth was unaffected by 
salinity. C. similis exhibited decreased growth at 5 and 307oo relative to 107oo, the 
effect being most pronounced when measured as dry weight increase. Growth per molt 
(wet weight) of C. similis increased with salinity, whereas that C. sapidus was 
unaffected. C. sapidus at low salinity (2.57oo) exhibited increased feeding rates by the
end of the exposure period, whereas those of C. similis (at 5%o) decreased. Adult C. 
sapidus demonstrated superior osmoregulatory ability to juveniles. Adult C. similis from 
30%o osmoregulated at similar levels as juveniles, while adults from 227oo exhibited 
osmoregulatory ability greater than that of juveniles, and insignificantly different from 
that of adult C. sapidus. Based on electrophoretic analysis of juveniles of the two 
species, Nei’s genetic distance (DN) between C. similis and C. sapidus was calculated as 
0.41092.
v
Chapter 1 
General Introduction
1
Estuarine organisms are constantly exposed to fluctuating environmental factor 
gradients of both natural and anthropogenic origin and must be able to cope with them 
in order to take advantage of these resource-laden habitats. The blue crab (Callinectes 
sapidus Rathbun) is a commercially important portunid crab inhabiting coastal waters of 
eastern North America. While most research within the genus Callinectes has 
concentrated on C. sapidus. the complex consists of 14 Callinectes species found 
throughout coastal waters of the Atlantic and eastern Pacific Oceans (Williams, 1974). 
C. sapidus is the most abundant and commercially important species in North America, 
but other species are fished commercially elsewhere and often overlap in distribution with 
C. sanidus and each other.
Norse and Fox-Norse (1982) have proposed preliminary evolutionary relationships 
between members of the complex (Fig. 1.1). They divided the genus into four groups, 
based on taxonomic methods and laboratory studies of salinity tolerance. The "bocourti" 
group (6 species) consists of larger crabs with a narrower, longer intramedial area of the 
carapace and convergent or crossing first gonopods in males. The "danae" group (5 
species) consists of smaller crabs with a wider, shorter intramedial area of the carapace 
and non-convergent first gonopods in males. Other morphological characteristics were 
used in constructing these groupings as well. Two smaller groups (two and one species) 
were also defined (Fig. 1.1). Crabs of the "bocourti1 group tend to inhabit inshore 
waters of low salinity and possess high tolerance to low salinity. Crabs of the "danae" 
group tend to inhabit offshore waters of high salinity and are less tolerant of low salinity. 
The above groupings have yet to be tested using molecular techniques. In chapter 3, I
3Figure 1.1. Hypothesized evolutionary relationships among crabs within the genus 
Callinectes. Modified from Norse and Fox-Norse (1982). Question marks 
signify uncertainty about relationships at that level or higher. The updated 
species name larvatus is substituted for mareinatus. the name used by Norse and 
Fox-Norse for this species and its group.
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present preliminary electrophoretic data on two species (C. sapidus and C. similis’). 
verifying their status as species, but collection of more species would be necessary to 
validate Norse and Fox-Norse’s proposed relationships.
Two species, Callinectes sapidus and the lesser blue crab, C. similis Williams, 
inhabit Louisiana waters. C. sapidus is a member of the "bocourti1 group and C. 
similis. a member of the "danae" group. C. sapidus is among the most euryhaline 
estuarine invertebrates, having been reported in waters ranging from freshwater to 
116°/oo (Williams, 1984). C. similis rarely inhabits waters below 15%o (Williams, 
1984). Engel (1977) has reported adult C. sapidus to possess superior osmoregulatory 
ability to that of adult C. similis at low salinity. While adult C. similis never penetrate 
inshore marshes, juvenile C. similis do coexist with juvenile C. sapidus in these marshes 
(Hsueh et ah, 1993; personal observation). My dissertation investigates responses of 
these two species to environmental factor gradients and discusses the results in terms of 
distributional differences observed between the species.
While blue crabs can survive in a wide range of salinities, sub-lethal effects may 
occur. Measurements of energetic absorption and expenditure rates allow for 
construction of an energy budget and calculation of scope for growth (P), or the energy 
available for growth and reproduction. Results of my Master’s thesis (Guerin and 
Stickle, 1992) reported salinity to affect scope for growth of juvenile Callinectes sapidus 
from a Louisiana salt marsh, with highest scope for growth being exhibited by crabs 
exposed to 10 and 25%o. By contrast, juvenile C. sapidus from a hypersaline lagoon 
system in Texas exhibited peak scope for growth at 35 and 50%o, and tolerance levels
6(at both high and low salinities) were shifted towards higher salinities. As this study 
involved sexually immature organisms, scope for growth can be interpreted as energy 
available for growth.
While salinity is possibly the most important environmental factor determining 
distribution within estuaries, and certainly one of the most intensely studied, estuarine 
organisms are exposed to a wide array of additional environmental factors as well. 
These factors, both natural and anthropogenic in origin, act as a suite of stressors 
affecting estuarine organisms, each potentially influencing the effects of the others. The 
first chapter of my dissertation examines an example of the interplay of environmental 
factors as it affects tolerance and bioenergetics of one of the above Callinectes species,
C. sapidus. Cadmium has been shown to detrimentally affect many crustacean species, 
and salinity is known to influence its effects (Rosenberg and Costlow, 1976; Wright, 
1977a; Weis, 1978; Frank and Robertson, 1979; Voyer and Modica, 1990; Bjerregaard 
and Depledge, 1994; DeLisle and Roberts, 1994). Chapter 1 involves exposure of 
juvenile C. sapidus to a range of cadmium concentrations (0, 50 and 100fig I'1) at two 
salinities (2.5 and 25%o) to determine the effects of cadmium on bioenergetics at high 
and low salinity, using scope for growth as an indicator of sub-lethal stress. Hemolymph 
osmolalities of crabs in each treatment was also measured to determine if cadmium 
affected ability to osmoregulate at these salinities. Separate bioassays were run, exposing 
crabs to a wider range of cadmium levels (up to lO.Omg I'1), to determine tolerance to 
cadmium at the two salinities. This paper is in press (Marine Environmental Research).
7The second chapter expands investigation of salinity effects to include the other 
member of the genus inhabiting Louisiana waters, the lesser blue crab (Callinectes 
similis). As mentioned above, while C. sapidus is capable of inhabiting virtually any 
salinity, C. similis is usually limited to salinities greater than 15%o (Williams, 1984). 
The differences in osmoregulatory ability reported by Engel (1977) may partially explain 
distributional differences between the species. C. similis. however, is still a fairly good 
osmoregulator. Other factors contributing to distributional patterns observed within 
estuaries, such as competition and predation, have also been suggested (Hsueh, et ah 
1992a, 1992b). Chapter 2 of my dissertation involves exposure of juvenile C. similis to 
five salinities (2.5, 10, 25, 35 and 50%o) and measurement of energetic absorption and 
expenditure rates for calculation of scope for growth. Tolerance to high and low salinity 
was determined in a separate bioassay. Results of this study are compared to those of 
a similar study on C. sapidus juveniles (Master’s research, Guerin and Stickle, 1992) to 
determine if differences in bioenergetic response to salinity may contribute to 
distributional differences between the species. In addition, concentration of RNA, DNA 
and lipid components of C. similis are examined at high (25°/oo) and low (2.5°/oo) 
salinity to determine if salinity affects biochemical composition. This chapter will be 
submitted to the journal Marine Biology for publication.
Due to the incremental growth pattern of crustaceans, growth rates are difficult 
to measure unless individuals pass through several molts. The previous bioenergetics 
experiments yielded information on the potential growth and physiological condition of 
the organisms, but did not allow time for individuals to progress through enough molt
cycles for calculation of actual growth rates. The third chapter of my dissertation 
involves exposing juvenile Callinectes sapidus and C. similis to three salinities (2.5, 10 
and 30°/oo for C. sapidus: 5, 10 and 30°/oo for C. similis) for a longer time period to 
allow for this calculation. The low salinity treatment is defined as that salinity which is 
2.5°/oo above the 21d LC50 for the respective species. Growth and molting were 
monitored throughout the 67 day period to determine if differences in scope for growth 
are reflected by differences in actual growth. Feeding rates and hemolymph osmolality 
were measured at days 0 and 67 to determine if either species exhibited acclimation to 
stressful salinity. Comparisons of adult and juvenile osmoregulatory ability were also 
made in an effort to determine if an ontogenetic shift occurs, which may explain why 
juvenile C. similis often coexist in marshes with C. sapidus. whereas adults do not. In 
addition, allozyme electrophoresis was used to examine molecular relationships between 
the two species. Chapter 3 will be submitted to the Journal of Experimental Marine 
Biology and Ecology for publication.
Chapter 2
Effects of Cadmium on Survival, 
Osmoregulatory Ability and Bioenergetics of Juvenile 
Blue Crabs Callinectes sapidus at Different Salinities *
* - Reprinted by permission of Marine Environmental Research
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Introduction
Estuarine organisms must cope with an array of naturally varying environmental 
factors, including salinity, temperature, and oxygen. In addition, estuaries are impacted 
by a wide range of pollutants of anthropogenic origin. Cadmium is among the most toxic 
of the heavy metals (Ketchum, 1975) and is introduced into the environment by a variety 
of human activities (Goldberg, 1976).
Cadmium has been shown to detrimentally affect many crustacean species, and 
several authors have reported that salinity influences the effects of cadmium and other 
metals on crustaceans (Rosenberg and Costlow, 1976; Wright, 1977a; Weis, 1978; Frank 
and Robertson, 1979; Voyer and Modica, 1990; Weeks et ah, 1993; Bjerregaard and 
Depledge, 1994; DeLisle and Roberts, 1994). Concentrations of cadmium which are 
toxic at one salinity may be non-toxic at another. The blue crab, Callinectes sapidus is 
a commercially important species inhabiting a wide range of salinities (Williams, 1984). 
Brouwer et al. (1984) have shown that the blue crab accumulates cadmium in its tissues, 
and human concerns generally revolve around the hazard posed by ingestion of these 
tissues. However, any direct effects of cadmium on crab growth and survival may 
drastically affect the fishery.
In an earlier study (Guerin and Stickle, 1992), juvenile Callinectes sapidus from 
estuarine waters of 20-307oo (near Port Fourchon, LA, USA) exhibited highest scope 
for growth at salinities between 10 and 25%o. Young crabs are known to migrate 
inshore and use estuarine waters as nursery grounds (Churchill, 1919; Darnell, 1959). 
Within the estuarine system of concern here, dissolved cadmium levels as high as
50/xg T1 have been reported (Cormier et ah, 1990), although levels this high are probably 
associated with point sources of pollution or temporary periods of high pollutant 
discharge. Dissolved cadmium concentrations as high as 35 (Ramirez et ah, 1989) and 
78jug *' (Holmes et ah, 1974) have been reported in highly polluted coastal waters 
elsewhere in the Gulf of Mexico.
In this study, the effects of dissolved cadmium (50 and lOOpig I'1) were tested to 
determine whether they are the same at both high (25%o) and low (2.57oo) salinities, 
using scope for growth as an indicator of sublethal stress. The studies mentioned above 
(concerning the effects of cadmium and salinity on crustaceans) have involved either 
acute effects or effects on larval development. This study attempted to determine long­
term effects on juvenile Callinectes sapidus by measuring feeding, respiration and 
excretion rates throughout a one month exposure period for calculation of scope for 
growth. Hemolymph osmolality was measured in crabs exposed to the same 3 treatments 
(at each salinity) for determination of the effect of cadmium on osmoregulatory ability. 
A separate bioassay was conducted, monitoring survival over 21 days with exposure to 
a wider range of cadmium concentrations for determination of tolerance limits. 
Materials and Methods 
Collection and Maintenance of Crabs
Juvenile Callinectes sapidus (~15-25mm carapace width) were collected at the 
LUMCON (Louisiana Universities Marine Consortium) laboratory in Port Fourchon, LA, 
USA in June, 1990. Salinity was 25°/oo at the time of collection.
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All crabs were transported to Baton Rouge,LA, where they were held in 38-liter 
aquaria equipped with undergravel filters. Crabs were isolated from each other in 
individual chambers, constructed of 7.6cm diameter PVC pipe and nitex mesh ( ~  1mm), 
to prevent cannibalism and allow measurement of individual feeding rates. Salinity was 
set at 25°/oo using artificial sea salts (Instant Ocean, Aquarium Systems, Inc.). Water 
temperature was 22-23°C throughout the experiment. The low salinity treatment was 
reached by step-wise acclimation (2-3%o/d) from 25%o.
Experimental Design
Crabs were allowed one week to acclimate to the appropriate salinity, after which 
cadmium was added to the tanks. Desired cadmium concentrations (see below) were 
reached by adding measured amounts of a pre-mixed CdCl2 stock solution (lOOOmg I'1 
Cd) directly to the tanks. Cadmium concentration was monitored every other day using 
a Perkin-Elmer Model 5000 atomic absorption spectrophotometer. Dissolved cadmium 
levels were decreasing slightly during the bioassay (survival) portion of the study, so 
CdCl2 was added to the tanks periodically to maintain desired levels. This decrease was 
due to adsorption of cadmium onto the gravel of the filters. To account for varying 
cadmium levels, concentrations used for determination of LC50’s were calculated as 
running means -  mean concentration for any given day being the average concentration 
throughout the previous days of exposure. Tanks without undergravel filters were used 
for the long-term measurement of feeding, respiration and excretion rates and hemolymph 
osmolality. Water was changed and re-dosed with cadmium daily to prevent ammonium
13
accumulation. This method allowed for maintenance of very consistent dissolved 
cadmium levels over time.
Tolerance to cadmium was determined by calculating LCS0, or the cadmium 
concentration resulting in 50% mortality over a given time. Bioassays were run at 2.5 
and 25%o to determine survival with cadmium exposure at both low and high salinity. 
Each bioassay consisted of 12 crabs each at 6 cadmium concentrations. Crabs were 
monitored for mortality over a 2Id period. Target cadmium concentrations for the 
bioassays were 0, 0.5, 1.0, 2.5, 5.0 and lO.Omg l'1 Cd. Cadmium concentrations used 
in the 2.5% o bioassay were actually somewhat lower than the target values, due to 
adsorption of Cd. Mean concentrations of exposure at day 21 (21-day running means) 
were 0, 0.35, 0.58, 1.41, 2.62 and 9.77mg l'1, which effectively resulted in removing 
the 5mg I*1 treatment and including a 0.35mg I'1 treatment. Mean concentrations used 
in the 25% o bioassay were much closer to target values (21-day means of 0, 0.53, 0.91, 
2.46, 4.88 and 10.40). LC50 values were calculated for Days 7, 14 and 21 using the 
Spearman-Karber method (Finney, 1971).
Scope for growth is defined as the energy accumulated for somatic growth and 
reproduction, and is determined from the balanced energy equation of Winberg (1960):
C-F = Ab = R + U + P  
where C=energy consumed as food, F=energy lost as feces, Ab=energy absorbed from 
food consumed, R=energy lost as respiration, U=energy lost as excretion and P=energy 
accumulated for growth and reproduction. In this case, because sexually immature crabs
14
were used, scope for growth is energy accumulated for somatic growth only. Scope for 
growth was estimated as Ab-(R+U).
Measurements of feeding, respiration and excretion were carried out on 8 crabs 
each exposed to 3 cadmium concentrations over a 21d period. Eight crabs each were put 
into three 38-liter aquaria (Cd concentrations of 0, 50 and 100/xg I'1). Identical 
experiments were performed for crabs at low (2.5%o) and high (25%o) salinity. 
Measurements began one week (Day 0) after target cadmium levels were reached and 
were carried out on Days 0, 7, 14 and 21, with the exception of consumption rates (see 
below).
Consumption rates were determined by measuring feeding rate daily in order to 
obtain an average daily feeding rate for each 7-day period. Crabs were fed pre-weighed 
abdominal tissue of grass shrimp, Palaemonetes pugio. Every day, the uneaten portion 
of grass shrimp was removed, weighed, and replaced with a new portion. Food 
consumed was converted to energetic equivalents (C) using conversion factors of 4.646 
cal • mg'1 dry wt and 0.2426 mg dry wt • mg'1 wet wt for P. nugio abdominal tissue 
(Wang and Stickle, 1987) and converted to joules by a factor of 4.19002 J • cal'1. 
Absorption efficiencies of 0.319 and 0.478 were used for all crabs at 2.5 and 25%o, 
respectively (Guerin and Stickle, 1992). Absorption efficiency was determined by the 
Conover method (1966). Feces from crabs at each salinity were collected, dried and 
ashed along with food samples. Absorption efficiency was calculated using the formula:
(F-E)[(1-E)F]'1,100
where F=the ratio of ash-free dry weight to dry weight in the food and E=the ratio of
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ash-free dry weight to dry weight in the feces. Energy absorbed from food (Ab) was 
calculated by multiplying energy consumed as food (C) by absorption efficiency. Oxygen 
consumption rates were measured weekly (Days 0, 7, 14 and 21) using flow-through 
respirometry (Stickle et ah, 1985). Crabs were enclosed in individual 250ml glass 
respiration chambers through which water of the appropriate salinity flowed at approx. 
10ml • min'1 (8 chambers containing crabs and 2 empty control chambers). Crabs were 
left in the chambers for an incubation period of approx. 2hrs, after which water outflow 
rates were determined. Samples were withdrawn and injected by syringe directly into 
a Strathkelvin flow-through chamber housing an oxygen electrode to read oxygen 
pressure on a Strathkelvin Model 781 oxygen meter. Oxygen consumption rates were 
converted into energetic expenditure (R) using the oxycalorific value of 4.8 cal • ml 0 2 
consumed'1 (Crisp, 1971) and multiplied by 4.19002 J • cal'1.
Excretion rates were measured weekly in conjunction with respirometry by 
collecting outflow water from respiration chambers. Ammonium levels were determined 
using Grasshoff and Johannsen’s (1972) modification of the phenol-hypochlorite method 
of Soldrzano (1969). Urea levels were determined using a modified urease technique 
(Sigma Technical Bulletin #640). Primary amine levels were determined by the 
fluorescamine method of North (1975). Energy equivalents of 0.0832 cal • jiMol 
ammonium'1, 0.154 cal • /tMol urea'1, and 0.902 cal • nMol primary amines'1 were used 
to convert excretion rates to energy expenditure rates (Elliott and Davison, 1975).
Osmoregulatory ability of juvenile Callinectes sapidus exposed to cadmium was 
determined by measuring hemolymph osmolality of a separate set of crabs exposed to 0,
16
50 and 100/xg I'1 Cd for 28 days at 2.5 and 25%o (12 crabs per treatment). Hemolymph 
samples of 10/xl were withdrawn through the arthrodial membrane above the 5th walking 
leg using ultra-micro pipettes and read on a Wescor vapor-pressure osmometer (Model 
5100B).
Statistical Analyses
Crabs were weighed following each molt and weekly so that rates (feeding, 
respiration and excretion) could be standardized. Weights were converted to ash-free dry 
weights (organic tissue component only) as weight was being related to energy budget 
components derived from organic input (Ab). In order to remove the effects of body 
weight on measured rate functions, all rates were standardized to those of a 1 g ash-free 
dry body weight crab (J • standard lg crab'1 • day'1). To do this, regressions of all rates 
with ash-free dry body weight were compared among Cd treatments within salinities 
using analysis of covariance. If regressions were significant and the slopes differed from 
zero, then weight affected rate. If the slopes differed from each other in the different 
cadmium treatments, then this effect was different at the different cadmium treatments. 
Different regressions were used for each cadmium level if the latter were the case. 
Otherwise, data were combined to obtain a common regression line across all cadmium 
treatments. Adjusted rates were calculated using the formula:
Y’=Y-[b(WT-WT)]
from Neter and Wasserman (1974), where Y’=adjusted (weight-specific) rate, 
Y=unadjusted rate, b=slope of the regression of unadjusted rate and ash-free dry 
weight, WT=ash-free dry weight of the individual crab, and WT=mean ash-free dry
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weight of all crabs for that regression. Y’ was then divided by WT to obtain adjusted 
rate per gram ash-free dry weight. If the regression effect was insignificant, then the 
unadjusted rate was simply divided by ash-free dry weight for each crab.
Repeated-measures analysis (SAS Institute Inc., 1985) was used within each 
salinity to test for the effects of cadmium and time once the adjusted (weight-specific) 
rates had been obtained. This was necessary because time is a sub-plot which cannot be 
randomized. Repeated-measures allows for analysis of the cadmium-time interaction and 
analysis of the effect of cadmium within each time period (Day 0, 7, 14 or 21). 
Results 
Survival
Callinectes sapidus juveniles are much less tolerant of cadmium at 2.5% o than 
at 25%o (Figs. 2.1 and 2.2), by a full order of magnitude. The 21d LC50 was 186/xg 
I'1 Cd at 25%o and only 19/ig I'1 Cd at 2.5°/oo. These LCJ0’s differed significantly from 
one another based on non-overlap of 95% confidence intervals (Fig. 2.2).
Energy Expenditure
Table 2.1 presents mean rates over the entire 21-day period for crabs surviving 
to day 21. Mean total energetic expenditure (R+U) did not vary with cadmium 
concentration at either salinity (Table 2.1a and b). Each of the individual components 
of energy expenditure (respiration (R), total excretion (U) and excretion in the form of 
ammonium (Ul), urea (U2) and primary amines (U3)) were also unaffected by cadmium 
concentration.
18
Figure 2.1. Dose response curves of juvenile Callinectes sanidus from cadmium bioassay 
data. Highest treatments used in the bioassay (target [Cd] = 10mg I’1) are not 
shown as the next lowest [Cd] resulted in 100% mortality in all cases.
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Figure 2.2. Tolerance of juvenile Callinectes sapidus to dissolved cadmium at low and 
high salinities, expressed as LC50’s through 21 days. Bars represent ± 9 5 %  
confidence intervals. Prior to days 3 (2.5°/oo) and 4 (25°/oo), mortality was 
insufficient for calculation of LCJ0’s.
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Table 2.1. Effect of cadmium on energy budget components of juvenile Callinectes 
sapidus. Data are 21-day means for crabs surviving to Day 21, expressed as kJ • g ash- 
free dry weight'1 * day'1; **=highly significant effect of cadmium revealed by repeated 
measures analysis (P<0.01), *=significant (P<0.05), NS=insignificant (P>0.05). 
Superscripts represent Duncan’s Multiple Range test for comparison of means between 
cadmium treatments; means bearing same letter are not significantly different.
2.1a) Salinity = 2.5%o
Cd concentration (ppb) 0 50 100
Effect of: 
Cd Time
Energy Consumed (C) 7.073 a 4.889 b 4.064 b * *
Energy Respired (R) 0.667 a 0.797 a 0.656 a NS NS
Energy Excreted (U) 0.130 a 0.113 a 0.092 a . NS *
As: Ammonium (Ul) 0.097 a 0.099 a 0.083 a NS *
Urea (U2) 0.005 a 0.006 a 0.002 a NS NS
Primary Amines (U3) 0.028 a 0.008 a 0.006 a NS NS
Energy Absorbed (Ab) 2.256 a 1.560 b 1.296 b * *
Energy
Expenditure (R+U) 0.798 a 0.910 a 0.748 a NS NS
Scope for Growth (P) 1.459 a 0.649 b 0.548 b ** **
% Surviving to Day 21 85.7 75.0 37.5
(table continued)
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2.1b) Salinity = 25%o
Cd concentration (ppb) 0 50 100
Effect of: 
Cd Timi
Energy Consumed (C) 5.989 a 5.693 a 6.082 a NS NS
Energy Respired (R) 0.852 a 0.926 a 0.822 a NS *
Energy Excreted (U) 0.122 ab 0.183 a 0.114 b NS NS
As: Ammonium (Ul) 0.101 a 0.124 a 0.079 a NS NS
Urea (U2) 0.001 b 0.007 a 0.002 ab NS NS
Primary Amines (U3) 0.020 a 0.052 a 0.033 a NS *
Energy Absorbed (Ab) 2.863 a 2.721 a 2.907 a NS NS
Energy
Expenditure (R+U) 0.974 ab 1.109 a 0.936 b NS NS
Scope for Growth (P) 1.889 a 1.612 a 1.971 a NS NS
% Surviving to Day 21 71.4 71.4 87.53
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The repeated measures analysis suggested components of energy expenditure were 
not significantly affected by cadmium (P>0.05) at either salinity (Tables 2.1a and b). 
Time had a significant (P<0.05) effect on R and U3 at 25°/oo, and on U and U1 at 
2.5°/oo. All other components of energy expenditure were unaffected by time. Figure 
2.3 displays mean total energy expenditure rates (R+U) at each time period and 
cadmium level (for crabs alive at each time period). In cases where less than 8 crabs 
were alive at day 0, one crab died in the week previous to day 0 and was dropped from 
the study.
Respiration accounted for the bulk of energetic expenditure, averaging 86.2% of 
total expenditure. In all treatments, ammonium was the chief form of nitrogenous waste 
excreted (in terms of kJ g ash-free dry weight'1 day'1). Primary amines comprised one 
third to one fifth of the nitrogenous waste and urea excretion was the smallest component 
of excretion (Table 2.1).
Energy Consumption and Absorption
Cadmium did not significantly affect energy consumption (C) or absorption (Ab) 
rates at 25%o (Table 2.1b). At 2.5%o, however, both energy consumption and 
absorption rates decreased with cadmium exposure (Table 2.1a). Ab and C at both 50 
and 100/tig I'1 Cd were significantly lower than at 0/xg l'1 Cd in 2.5% o. Energy 
absorption was between 2.5 and 3.1 times energy expenditure in all cadmium treatments 
at 25% o and in the 2.57oo control treatment. However, with exposure to 50 and lOOfig 
I'1 Cd at 2.5% o, this ratio declined to 1.7.
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Figure 2.3. Mean total energetic expenditure rates (R+U) of juvenile Callinectes sapidus 
at each cadmium level and time period, for all crabs alive at that time period. 
Letters represent Duncan’s Multiple Range test for comparison of means between 
treatments within each time period. Numbers represent number of crabs 
surviving to each time period.
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Repeated measures analysis revealed a significant (P<0.05) effect of both 
cadmium concentration and time on C and Ab at low salinity, but not at high salinity 
(Table 2.1). Figure 2.4 displays mean energy absorption rates (Ab) at each time period 
and cadmium level (for crabs alive at each time period).
Scope for Growth
At low salinity (2.5%o), scope for growth decreased significantly with cadmium 
exposure (Table 2.1a). Scope for growth at 50 and 100/ig l*1 Cd was roughly one third 
that at Opig I'1 Cd. Scope for growth of crabs at the high salinity (25%o) was not 
affected by cadmium (Table 2.1b).
Cadmium and time were both shown, by repeated measures analysis, to exert a 
highly significant (P<0.01) effect on scope for growth at low salinity (2.5%o), but not 
at high salinity (25%o) (Table 2.1). Cadmium exerted a significant (P<0.05) effect on 
scope for growth within every time period at 2.5°/oo. Figure 2.5 displays mean scope 
for growth (P) at each time period and cadmium level (for crabs alive at each time 
period).
Most negative scope for growth values observed were at 50 and 100/ng I'1 Cd at 
low salinity. Negative scope for growth observations were more prevalent among crabs 
at 100/xg I'1 (24%) than at 50/xg I'1 Cd (13%). This is expected from the survival data 
at 100/iig I'1 Cd, with only 3 of 8 crabs surviving to Day 21 compared with 6 of 8 crabs 
surviving at 50/ig I’1. Surviving crabs at 100/ig I'1 Cd (2.5%o) showed an increased 
incidence of negative scope for growth with time (0, 50 and 67% at Days 7, 14 and 21 
respectively). This was not exhibited by crabs at any other treatment. Positive scope
28
Figure 2.4. Mean energetic absorption rates (Ab) of juvenile Callinectes sapidus at each 
. cadmium level and time period, for all crabs alive at that time period. Letters 
represent Duncan’s Multiple Range test for comparison of means between 
treatments within each time period. Numbers represent number of crabs 
surviving to each time period.
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Figure 2.5. Mean scope for growth (P) of juvenile Callinectes sapidus at each cadmium 
level and time period, for all crabs alive at that time period. Letters represent 
Duncan’s Multiple Range test for comparison of means between treatments within 
each time period. Numbers represent number of crabs surviving to each time 
period.
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for growth was exhibited by all but a single individual at one time period in each Cd 
treatment at 25°/oo and by all but one individual at one time period in the control 
treatment (0/xg I"1 Cd) at 2.5%o.
Osmoregulatory Ability
Blue crabs in the control group maintained higher hemolymph osmolality in 
2.5% o (73mOsm/kg) water than those exposed to cadmium. This effect increased with 
increasing cadmium concentration; hemolymph osmolality was 713 +. llmOsm/kg in 
crabs exposed to control conditions (0/zg l'1 Cd), 657 +. 17mOsm/kg in crabs exposed 
to 50/xg T1 Cd, and 537 +. 44mOsm/kg in crabs exposed to 100/xg I'1 Cd. Some 
treatment means are from fewer than the 12 crabs initially exposed, due to mortality 
during the 28-day exposure period. Numbers of crabs monitored for hemolymph 
osmolality are as follows: 12, 10 and 12 (0, 50, and 100/tg I"1 respectively at 25%o), 
and 12, 9 and 5 (0, 50 and 100/ig l'1 respectively at 2.5°/oo). ANOVA of cadmium 
treatment means demonstrated the effect of cadmium on hemolymph osmolality to be 
highly significant (P < 0.01) at low salinity. Crabs at high salinity were osmoconforming 
and there was no significant effect of cadmium (P>0.05).
Calcification
An apparent delay in calcification after molting was observed with cadmium 
exposure at low salinity. Although this study was not designed to investigate this 
question, it was noted that each of the 5 crabs surviving 28 days of exposure to 100/ig 
l'1 Cd and 2.5% o (for measurement of hemolymph osmolality) had soft carapaces. Only 
one of these crabs had molted recently (3 days prior). In addition, 2 of the 3 surviving
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crabs exposed to this treatment for measurement of energy budget components also had 
soft carapaces, and had molted 7 and 13 days previously. Normally, the carapace of 
juvenile crabs of this size recalcifies within 1 or 2 days, as was the case for all crabs in 
the other treatments. These crabs were taking greater than 3 days to do so, and perhaps 
would not have been able to undergo complete calcification at all under these conditions. 
Discussion
Cadmium tolerance of juvenile Callinectes sapidus was significantly affected by 
salinity. The 21d LCS0 at 25%o was an order of magnitude greater than that at 2.57oo. 
Frank and Robertson (1979) reported 96h LCSo’s of 11600, 4700 and 320/xg l'1 Cd at 35, 
15 and 17oo respectively for juvenile C. sapidus. Comparable (4 day) LC50’s in this 
study were similar: 2720/xg l'1 at 25°/oo and 250/ig I'1 at 2.57oo (Fig. 2.2). Rdmirez et 
ah (1989) reported a 96h LC50 of 350/xg l'1 Cd at 30%o for juvenile Callinectes similis. 
C. sapidus juveniles are apparently more tolerant of cadmium than C. similis. C. sapidus 
is less tolerant of cadmium than the oyster drill Stramonita (= Thais') haemastoma. for 
which a 28d LCJ0 of 866/ig I'1 Cd has been reported (Hurdle, 1985).
Rosenberg and Costlow (1976) reported decreased survival in developing 
Callinectes sapidus exposed to 50 and 150/xg I'1 relative to the control. Few megalopae 
(< .20% ) survived to the third crab stage when exposed to cadmium levels of 50 and 
150/ig l'1 at 10°/oo, but survival with cadmium exposure increased at higher salinities 
(usually >60%). They also reported that zoea larvae were more susceptible to cadmium 
than megalopae. Survival data reported here (at 25%o) indicate that juvenile crabs are
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more tolerant than the developing megalopae. Larvae of C. sapidus are, therefore, the 
most sensitive life stage to cadmium, with tolerance increasing throughout development.
Sublethal concentrations of cadmium at concentrations and salinities used in this 
study do not affect energetic expenditure rates. Respiration was the principal component 
of energy expenditure, as has been reported previously for juvenile blue crabs (Wang and 
Stickle, 1987; Guerin and Stickle, 1992) and other marine and estuarine invertebrates 
(Stickle etal-» 1985; Stickle, 1985; Stickle et al., 1987; Rosas eta!., 1993; Okumus and 
Stirling, 1994). Ramirez et aL (1989) showed that respiration rate of juvenile C. similis. 
exposed to 2480/xg I*1 Cd, did not differ significantly from that of crabs in cadmium-free 
water (30%o). Respiration rate of the mysid Leptomvsis linevura was significantly 
affected by Cd concentrations of 100/xg I*1 and above, but not at 50/ig l’1 (Gaudy et al., 
1991). These studies involve short-term exposure and acute responses to cadmium and, 
therefore, may not be directly comparable to 21d studies. Relexans et al. (1988) discuss 
two phases of response to cadmium exposure: the first involving a temporary increase 
in respiratory rate in response to an increased demand for ATP, and the second involving 
a subsequent decrease as the organism is no longer capable of meeting the demand for 
ATP. The present study would not have detected a transient, short-term increase, but 
earlier studies with Callinectes similis showed no such response (Ramirez et al., 1989). 
Hurdle (1985) reported an increase in respiration rate of Stramonita haemastoma exposed 
to 87 and 217/ig I*1 Cd over a one month period.
The effect on absorption efficiency was not determined in this study, so the effect 
of cadmium reported here on energy absorption (Ab) is due to feeding rate (C) alone.
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There appears to be a significant decrease in feeding rate upon exposure to cadmium, as 
has been reported with exposure to the water-soluble fraction of crude oil in juvenile blue 
crabs (Wang and Stickle, 1987). Gaudy et ah (1991) reported decreased ingestion rates 
and assimilation efficiencies in mysids exposed to 100/ig I*1 Cd, resulting in about a 43% 
decrease in energy absorbed. This is comparable to the decrease in Ab observed here 
(36 and 41% decrease for exposure to 50 and 100/txg l'1 Cd, respectively). Gaudy et ah 
(1991) concluded that cadmium exerts its effect on hydrolases, resulting in an inability - 
to utilize food consumed. Copper, tributyltin and dibutyltin have been shown to exert 
similar negative effects on feeding in Mvtilus edulis (Sanders et ah, 1991; Widdows and 
Page, 1993).
Scope for growth (P) paralleled Ab and C, as reported elsewhere (Stickle, 1985; 
Stickle e tah , 1985; Stickle et al., 1987; Wang and Stickle, 1987; Widdows et ah , 1990; 
Sanders et ah, 1991; Widdows and Page, 1993). Hurdle (1985) reported that scope for 
growth of Stramonita haemastoma decreased at cadmium concentrations of 87 and 217/xg 
l'1, due mainly to increased energy expenditure rather than decreased energy absorption, 
although energy absorption did decrease at 433/xg I'1 Cd. Scope for growth, as well as 
glucose-6-phosphate dehydrogenase and aspartate amino transferase activities are affected 
by Cd body burden in Mvtilus edulis (Gilfillan et al., 1985). The effect of cadmium on 
feeding (and indirectly, scope for growth) eventually results in the death of several 
individuals in the present study.
Exposure of juvenile Callinectes sapidus to cadmium levels which had little effect 
on survival and bioenergetics at high salinity resulted in depressed growth and eventual
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mortality at low salinity. There were not enough molting data to determine growth and 
intermolt periods (some crabs never molted, many molted only once), but Rosenberg and 
Costlow (1976) reported that cadmium concentrations of 50 and 150/ng I*1 resulted in 
delayed development of larval and postlarval C. sapidus (from megalopae to third crab 
stage).
It is likely that differences in the effects of cadmium in waters of varying salinity 
are due primarily to differences in chemical speciation. Dissolved cadmium exists as 
various complexes with Cl' and other ligands in solution. The free cadmium ion (Cd++) 
is purported to be the most toxic species (DeLisle and Roberts, 1988), and percentage 
of cadmium present as Cd++ varies with salinity. Less than 5% of total dissolved 
cadmium is present as Cd++ at 25°/oo. However, at 2.5% o, this amount increases to 
35-40% (Blust et ah, 1992). This increase in concentration combined with an increased 
activity coefficient of the Cd++ ion at low salinity results in the activity (and therefore 
the bioavailability) of cadmium being higher at low salinities (Wangersky, 1986; Blust 
et al-, 1992).
Another possible explanation for the effect of salinity may be competitive 
exchange of Ca++ and Cd++ ions at the level of the gills, as suggested by Westerhagen 
et al. (1974) for herring. Crabs at low salinity may take up more Cd++ simply because 
the ratio of Cd++to Ca++ increases, thus exposing their internal environment (cells, 
enzymes, etc.) to higher levels of Cd than crabs at high salinity. Wright (1977b) 
demonstrated that cadmium uptake in the shore crab Carcinus maenas is dependent upon 
(and inversely proportional to) Ca++ concentration but independent of salinity, if calcium
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concentration is maintained. Weis (1978), in a study of the effects of cadmium and 
salinity on chelae regeneration in the fiddler crabs (Uca spp.), found that regeneration 
was retarded in 50% seawater. However, the severity of this effect was decreased by 
the addition of Ca++. These studies support the idea of a competitive exchange between 
the two ions.
Each of the above processes probably plays a role in the influence of salinity on 
the effects of cadmium. Bjerregaard and Depledge (1994) concluded that calcium 
concentration accounts for 72% of the "salinity effect" on cadmium accumulation in 
Littorina littorea. and plays a lesser role in Carcinus maenas. DeLisle and Roberts 
(1988) demonstrated that speciation of cadmium is primarily responsible for the salinity 
effect on toxicity of cadmium to Mvsidopsis bahia. but that calcium exerts a sparing 
effect on Cd++ toxicity (DeLisle and Roberts, 1994). They also suggested that cadmium 
may effect aspects of osmoregulation. Blust et ah (1992) concluded salinity affected 
uptake of cadmium in Artemia franciscana through a combined effect of on permeability 
of the shrimp as well as on availability of cadmium.
Callinectes sapidus is known to use free amino acids in osmoregulation (Gerard 
and Gilles, 1972), and any effect of cadmium on activity of enzymes important in these 
osmoregulatory pathways may affect osmoregulatory ability. Reddy and Venugopal 
(1991) noted changes in protein metabolism brought about by cadmium’s effects on 
enzyme activity in the crab Barvtelphusa guerini. Following an initial increase (4d), 
decreases in activity of alanine amino transferase and glutamate dehydrogenase after 15 
days exposure were observed, along with a decrease in total protein and free amino acid
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levels in most tissues. Carcinus maenas shows the opposite response to cadmium in that 
hemolymph osmolality increases in crabs exposed to cadmium levels of 500 to 8000/ig 
I*1 at several salinities (Thurberg et ah, 1973). These results may reflect a short-term 
compensatory response similar to the initial increase in enzyme activity in B. guerini. as 
they involved acute (48hr) exposure and high cadmium doses. DeLisle and Roberts 
(1994) reported that high levels of Cd (96hr LC50) had no effect on osmoregulation in 
Mvsidonsis bahia. Exposure to cadmium for 21d had a detrimental effect on 
osmoregulation in juvenile C. sapidus.
The apparent delayed calcification with cadmium exposure at low salinity may be 
caused by competitive exchange of Ca++ and Cd++ ions. Wright (1977b) reported that 
field-collected soft-shelled Carcinus maenas had higher Cd:Ca ratios in the carapace than 
hard-shelled crabs. It is possible that at low salinity and high cadmium concentrations, 
crabs are not able to supply enough calcium to the carapace for complete recalcification. 
Sauer (1987) observed similar effects on scale regeneration in Fundulus heteroclitus. and 
concluded that cadmium indirectly affected calcification by reducing initial calcium 
uptake at the level of the gill. Weeks et al. (1993) suggested that copper in the gill of 
Carcinus maenas stimulates carapace dissolution, raising hemolymph calcium levels to 
counter extracellular acidosis brought about by metal exposure. It is unclear whether 
cadmium may act in the same way.
The fact that the effects of dissolved cadmium on Callinectes sapidus juveniles are 
more pronounced at low salinities is important, considering that juveniles often migrate 
to low salinity nursery grounds where most growth occurs (Churchill, 1919; Darnell,
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1959). Additionally, these coastal areas incur greater input of cadmium from 
anthropogenic sources than open ocean waters (Goldberg, 1976). Levels of cadmium 
reported in some Gulf of Mexico coastal waters (Holmes et ah, 1974; Ramirez et ah, 
1989; Cormier et al., 1990) combined with freshwater dilution of these waters may 
expose juvenile crabs to conditions outside of their zone of capacity adaptation, resulting 
in delayed growth and possible mortality.
Chapter 3
The Effect of Salinity on the Tolerance, 
Osmoregulatory Ability, Bioenergetics and Biochemical 
Composition of Juvenile Callinectes similis
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Introduction
The blue crab, Callinectes sapidus (Rathbun), has been the subject of intensive 
research over the years. However, relatively few studies on the biology of related 
species within the genus have been published. The lesser blue crab, Callinectes similis 
(Williams), exists sympatrically with C. sapidus over most of the latter’s geographic 
distribution in the eastern United States (Williams, 1984). While there is some overlap 
within individual estuaries and coastal ecosystems, C. similis tends to inhabit higher 
salinity waters relative to C. sapidus: i.e. lower estuary and offshore areas (Williams, 
1984; Hsueh et a l ,  1993). Engel (1977) demonstrated that adult C. sapidus were better 
osmoregulators than adult C. similis at 5°/ooS. Both species, however, regulated 
hemolymph osmolalities equally well at higher salinities. Hsueh et al. (1992a) suggest 
that predation as well as salinity may be important in determining distribution of the two 
species within salt marsh habitats.
Previous investigations of the effect of salinity on Callinectes similis have been 
limited to determination of tolerance and osmoregulatory ability. Bioenergetic studies, 
on the other hand, can give an indication as to the amount of sub-lethal stress being 
experienced. Physiological rates can be measured across a salinity gradient and 
converted to energetic equivalents to determine what effect salinity has on components 
of the energy budget. Scope for growth, or the energy available for growth and 
reproduction, can be calculated from these data, allowing for estimates of potential 
growth over longer periods.
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This study determines the salinity tolerance of juvenile C. similis and investigates 
the effect of salinity on bioenergetics, using scope for growth as an indicator of sub-lethal 
stress. The results are then compared to those of a similar study on juvenile C. sapidus 
(Guerin and Stickle, 1992) and discussed as they relate to the distribution of the two 
congeners. Hemolymph osmolalities are also determined at a range of salinities for both 
species. Engel (1977) used adult crabs in his study of osmoregulatory ability of the two 
species. This study uses juvenile crabs from the same site as the bioenergetics 
experiments for determination of osmoregulatory ability. In an additional experiment 
exposing juveniles to 2.5 and 35°/oo over a three week period, lipid composition and 
RNA:DNA ratios are measured in conjunction with feeding rates to determine if 
biochemical composition is influenced by decreased feeding rate at 2.57oo.
Materials and Methods 
Enerev Budget
Scope for growth is defined as the energy accumulated for somatic growth and 
reproduction, and is determined from the balanced energy equation of Winberg (1960):
C-F = Ab = R +U +P 
where C=energy consumed as food, F=energy lost as feces, Ab=energy absorbed from 
food consumed, R=energy lost as respiration, U = energy lost as excretion and P=energy 
accumulated for growth and reproduction. In this case, as sexually immature crabs were 
used, scope for growth is energy accumulated for somatic growth only. Scope for 
growth was estimated as Ab-(R+U).
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Collection and Maintenance of Crabs
Juvenile Callinectes similis (~15-25mm carapace width) were collected at the 
LUMCON (Louisiana Universities Marine Consortium) lab in Port Fourchon, LA, USA 
in July, 1988. This collection site was the about 10km west of the one reported in our 
earlier paper on C. sapidus (Guerin and Stickle, 1992) and is in the same salt marsh 
system. Salinity was 29%oS at the time of collection.
All crabs were transported to Baton Rouge,LA, where they were held in 38-liter 
aquaria equipped with undergravel filters. Salinity was set at 297ooS using artificial sea 
salts (Instant Ocean, Aquarium Systems, Inc.). Crabs were isolated from each other in 
individual chambers, constructed of 7.6cm PVC pipe and nitex mesh, to prevent 
cannibalism and allow measurement of individual feeding rates. Water temperature was 
23°C throughout the experiment. Treatment salinities were reached by step-wise 
acclimation (2-37ooS d'‘) up or down from 297ooS.
Experimental Desien
Tolerance was measured as LC50, or the salinity resulting in 50% mortality over 
a given time. The bioassay consisted of 12 crabs at each of 11 different salinities. Crabs 
were monitored for mortality over a 21d period, beginning on the day that the final target 
salinity was reached. Salinities for the bioassay were 0, 2.5, 5, 10, 15, 25, 35, 45, 50, 
60, and 747ooS. LC50s were calculated for Days 7, 14 and 21 using the Spearman- 
Karber method (Finney, 1971).
Measurements of physiological rates were carried out for eight crabs each at five 
treatment salinities (2.5, 10, 25, 35 and 507ooS) over a 21d period. Measurements
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began (Day 0) one week after target salinities were reached and were carried out on Days 
0, 7, 14 and 21, with the exception of consumption rates (see below).
Consumption rates were determined by measuring feeding rate each day of the 
week previous to Days 0, 7, 14 and 21 in order to obtain an average daily feeding rate 
for each time period. Crabs were fed pre-weighed abdominal tissue of grass shrimp, 
Palaemonetes pueio. Every day, the uneaten portion of grass shrimp was removed, 
weighed, and a new portion introduced into the chamber with the crab. Food consumed 
was converted to energetic equivalents (C) using conversion factors of 4.646 cal • mg*1 
dry wt and 0.2426 mg dry wt • mg*1 wet wt for P. pueio abdominal tissue (Wang and 
Stickle, 1987) and converted to joules. Absorption efficiency was determined by the 
Conover method (1966). Feces from crabs at each salinity were collected, dried and 
ashed along with food samples. Absorption efficiency was calculated using the formula:
(F-EHa-EJFJ'^lOO
where F=the ratio of ash-free dry weight to dry weight in the food and E=the ratio of 
ash-free dry weight to dry weight in the feces. Energy absorbed from food (Ab) was 
calculated by multiplying energy consumed as food (C) by absorption efficiency. 
Oxygen consumption rates were measured weekly (Days 0, 7, 14 and 21) using flow­
through respirometry (Stickle et al., 1985). Crabs were enclosed in individual 250ml 
glass respiration chambers through which water of the appropriate salinity flowed at 
approx. 10ml • min*1 (8 chambers containing crabs and 2 empty control chambers). 
Crabs were left in the chambers for an incubation period of approx. 2hrs, after which 
outflow water samples were extracted and injected by syringe directly into an oxygen
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electrode to read oxygen partial pressure. Oxygen consumption rates were converted into 
energetic expenditure (R) using the oxycalorific value of 4.8 cal • ml 0 2 consumed*1 
(Crisp, 1971) and multiplied by 4.19002 J • cal*1.
Ammonium excretion rates were measured weekly in conjunction with 
respirometry by collecting outflow water from respiration chambers. Ammonium levels 
were determined using Grasshoff and Johannsen’s (1972) modification of the phenol- 
hypochlorite method of Solorzano (1969). Ammonium excretion rates were converted 
to energy expenditure rates (U) using the factor of 0.0832 cal • /xM ammonium*1 (Elliott 
and Davison, 1975).
Crabs were weighed following each molt and weekly so that physiological rates 
could be standardized (J • standard Ig crab'1 • day*1).
Osmoregulatory ability of juvenile Callinectes similis and C. sapidus was 
measured using specimens (~15-25mm carapace width) collected from the same site as 
the C. similis mentioned above at a salinity of 27°/oo. 12 crabs each were step-wise 
acclimated at 2-4°/oo per day to target salinities of 2.5, 10, 25, 35, 50 and 60°/oo. 
Hemolymph osmolalities were measured one week after target salinities were reached by 
withdrawing replicate 10/xl samples through the arthrodial membrane above the 5th 
walking leg using ultra-micro pipettes and reading on a Wescor vapor-pressure 
osmometer (Model 5100B).
The bioenergetics portion of the experiment revealed a decrease in feeding rate 
prior to mortality for crabs not surviving the low salinity (2.57oo) treatment (although 
this decrease was not observed for crabs which survived this treatment — see results).
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To determine if this decrease in feeding rate had any effect on biochemical composition, 
a separate set of juvenile Callinectes similis were captured and exposed to 2.5 and 
35%o. These crabs (20-40mm carapace width) were captured from the same Port 
Fourchon site at 22°/oo, transferred to the lab, and stored in similar conditions to those 
used in the bioenergetics experiment. Crabs were acclimated to 2.5 (n=57) and 35%o 
(n=34) by step-wise acclimation and allowed an additional one week acclimation period 
prior to the first sampling (day 0). Feeding rate was measured throughout a three week 
period, beginning on the day target salinity was reached (day -7). Eight crabs were 
sampled at random from each salinity at days 0, 7 and 14.
All biochemical analyses were conducted on whole crabs due to their small size. 
Upon sampling, crabs were lyophilized, pulverized with mortar and pestle, mixed well 
and stored at -60°C for subsequent analyses. Samples were prepared for RNA and DNA 
determinations using techniques similar to Wang and Stickle (1986), with modifications 
as detailed by Das (1993). RNA levels were determined using the modified Schmidt- 
Thannhauser method of Munro and Fleck (1966). DNA levels were determined using 
Shatkin’s (1969) modified diphenylamine method of Burton (1956). Yeast RNA and calf 
thymus DNA were used as standards (Sigma Chemical Co.).
Lipids were extracted from lyophilized, pulverized tissue samples using the 
extraction procedure of Bligh and Dyer (1959). Subsequent to extraction, lipid samples 
were concentrated, sealed under nitrogen in glass vials with teflon-lined caps, and stored 
at -20°C. Lipid samples were resuspended in chloroform for analysis. Lipid components 
were analyzed using an Iatroscan Mark V and Type S-III chromarods. Solvent systems
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used were similar to those used by Wang and Stickle (1988). The solvent system 
dichloroethane:chloroform:acetic acid (65:21.5:0.07) was used to separate neutral lipids 
and chloroform:methanol:water (45:22.5:2.8) was used to separate polar lipids. Results 
from Iatroscan analyses were quantified using the T Data Scan (Version 3.12) 
chromatography analysis program. Wang and Stickle (1988) reported measurable 
quantities of triacylglycerol, sterols, phosphatidyl (P.) ethanolamine, P. choline and 
sphingomyelin in Callinectes sapidus juveniles. Preliminary analyses of C. similis 
revealed measurable peaks for these five lipid classes as well as significant amounts of 
free fatty acids. Measurements here are therefore limited to these six lipid classes. 
Standards used for each of these lipid classes were tripalmitin, palmitic acid, cholesterol, 
dipalmitoyl P. ethanolamine, P. choline and sphingomyelin (Sigma Chemical Co.). Total 
lipids were estimated as the sum of the above six lipid classes.
Statistical Analyses
In order to remove the effects of body weight on measured physiological rates, 
all rates were standardized to those of a 1 g ash-free dry body weight crab. To do this, 
regressions of all physiological rates with ash-free dry body weight were compared 
among salinities using analysis of covariance. If regressions were significant and the 
slopes differed from zero, then weight affected rate and if the slopes differed from each 
other at the different salinities, then this effect was different at the different salinity 
treatments. Different regressions were used for each salinity if the latter case were true. 
Otherwise, data were combined to obtain a common regression for all salinities.
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Adjusted physiological rates were calculated using the formula:
Y’ —Y-[b(WT-WT)]
from Neter and Wasserman (1974), where Y’= adjusted (weight-specific) rate, 
Y=unadjusted rate, b=slope of the regression of unadjusted rate and ash-free dry 
weight, WT=ash-free dry weight of the individual crab, and WT=mean ash-free dry 
weight of all crabs for that regression. Y’ was then divided by WT to obtain adjusted 
rate per gram ash-free dry weight. If the regression effect was insignificant, then the 
unadjusted rate was simply divided by ash-free dry weight for each crab.
Repeated-measures analysis (SAS Institute Inc. 1985) was used to test for the 
effects of salinity and time once the adjusted (weight-specific) rates had been obtained. 
This was necessary because time is a sub-plot which cannot be randomized. Repeated- 
measures allows for analysis of the salinity-time interaction and analysis of the effect of 
salinity within each time period (Day 0, 7, 14 or 21). The Waller-Duncan k-ratio t-test 
was used to test for differences among individual treatment means within time periods 
and over the entire 21 day period. In the latter case, the means are the averages of the 
rate functions from Days 0, 7, 14 and 21, ignoring the effect of time.
Results of the biochemical composition portion of the study were analyzed with 
a 2 x 3 ANOVA testing the effects of salinity and time of exposure on RNA:DNA ratio, 
feeding rate, and concentrations of RNA, DNA and lipid (2 salinities and 3 sampling 
periods). Separate one-way ANOVA’s were run to test for the effect of salinity within 
each time period. Regressions of lipid components, nucleic acids and RNA:DNA ratio 
were run on feeding rates, Feeding rates were calculated as average food consumed per
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day for the week previous to sampling for biochemical components and weight-adjusted 
using the same method detailed above for physiological rates.
Results
Tolerance
Juvenile Callinectes similis were very tolerant of both low and high salinities, 
exhibiting 21d LCS0’s of 2.6 and 60.8%oS, respectively (Fig. 3.1). All crabs survived 
both 5 and 45°/oo treatments for 21 days.
Energy Consumption and Absorption
Crabs exposed to the 2.5°/oo treatment only survived long enough to obtain 
measurements for days 0 and 7, resulting in missing values for all physiological data at 
days 14 and 21 for this salinity. The averages expressed in Table 3.1 are therefore, 
those of day 0 and 7 data only for the 2.5% o treatment and averages of day 0, 7, 14 and 
21 data for the other salinities.
Energy consumption rates (C) showed no distinct trend with salinity, being highest 
at 2.5% o, but not significantly different from those at 10 and 357oo (Table 3.1). 
Average values at 25 and 50%o were about 30-40% lower than those at the other 
salinities. Absorption efficiencies at the five salinities were as follows: 2.5% o=49.7% , 
10%o=53.3%, 25%o=38.7%, 35%o=69.0%, 50°/oo=69.8%. Energy absorption 
rates (Ab=C x absorption efficiency) were highest at 357oo, though not significantly 
higher than those at 2.5% o (Table 3.1). Energy absorption rates and energy 
consumption rates averaged 3.5 and 6.1 times energy expenditure rates (R+U), 
respectively. However, the amount of energy expenditure relative to the amount of both
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Figure 3.1. Tolerance of juvenile Callinectes similis to salinity, expressed as LC50’s 
through 21 days. Bars represent ± 9 5 %  confidence intervals.
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Table 3.1: Effect of salinity on energy budget components of juvenile Callinectes similis. 
Data are 21-day means for crabs surviving to Day 21, with the exception of crabs at 
2.5°/oo (to Day 7). Data are expressed as kJ ■ g ash-free dry weight*1 ■ day*1; **=highly 
significant effect of salinity (S) or time (T) revealed by repeated measures analysis 
(PC0.01), *=significant (PC0.05), NS=insignificant (P>0.05). 2.57oo treatment not 
included in repeated measures analysis due to mortality. Superscripts represent Waller- 
Duncan k-ratio t test for comparison of means between salinity treatments; means bearing 
same letter are not significantly different.
Energy Salinity (% o) Effect
Allocation *_______________________________________
2.5 10 25 35 50 S T
Ingested (C) 6.975a 6.1423 4.139b 6.0603 3.915b NS *
Absorbed (Ab) 3.467ab 3.274b 1.602c 4.1823 2.733b * *
Respired (R) 1.792a 0.850b 0.672bc0.760b 0.499c NS NS
Excreted (U) 0.089a 0.0873 0.081ab0.055ab0.037b * NS
Expended (R+U)
C30000 0.937b 0.753b 0.815b 0.536c NS NS
(% due to 
respiration) (95.3) (90.7) (89.2) (93.3) (93.1)
(% due to 
excretion) (4.7) (9.3) (10.8) (6.7) (6.9)
Scope for growth
(P)
1.586c 2.337b 0.849d 3.367a 2.197bc * *
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energy absorption and consumption increased as salinity decreased, being greatest at 
2.5°/oo. Energy expenditure accounted for over half of energy absorption at 2.5°/oo (see 
below).
When repeated-measures analysis of the data was conducted to test for the effect 
of salinity over the entire 21 day period, the low salinity treatment (2.5%o) was dropped 
due to the missing values at days 14 and 21. Tests for the effects of salinity within time 
periods, however, include all salinity treatments with animals still alive. The effect of 
salinity on energy consumption rate was significant only for the first time period (Day 
0, p=0.0001), and insignificant for Days 7, 14 and 21 (p>0.05). Repeated measures 
analysis did not reveal a significant effect of salinity on energy consumption when 
averaged over the 21 day period (p>0.05). The effect of time was found to be 
significant (p<0.05) and there was a very significant interaction between salinity and 
time (p=0.0011). Salinity did significantly affect energy absorption rate, both within 
every time period (p<0.05) and over the 21 day period (p<0.05). The effect of time 
was also significant (p <  0.05) and there was a highly significant interaction between time 
and salinity (p=0.0001). Energetic absorption rates within each salinity and time period 
are presented in Figure 3.2.
Energy Expenditure
Total energy expenditure rate (R+U) was highest at the lowest salinity (2.57oo), 
as were energy expenditure due to both respiration (R) and ammonium excretion (U) 
(Table 3.1). Energy expenditure at 2.5% o was more than twice that at any of the higher
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Figure 3.2. Effect of salinity and time on energy budget components and scope for 
growth of juvenile Callinectes similis. a) Mean scope for growth (P) at each 
salinity and time period, b) Mean energetic absorption rates (Ab) at each salinity 
and time period, c) Mean total energetic expenditure rates (R+U) at each salinity 
and time period. Letters represent Waller-Duncan k-ratio t test for comparison 
of means between treatments within each time period.
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salinities. Most of the energy expenditure (92.3% average) was due to respiration as 
opposed to excretion.
Total energy expenditure (R+U) was significantly affected by salinity within 
every time period (p < 0.001) (Fig. 3.2). When repeated measures analysis was run on 
the data averaged over the 21 day period, however, there was no significant effect of 
salinity (p>0.1). There was a highly significant interaction between time and salinity 
(p=0.0001) and the effect of time was insignificant (p>0.1). The repeated measures 
analysis, however, did not include the low salinity treatment (due to missing values), in 
which the crabs exhibited highest energy expenditure rates. Salinity significantly affected 
energy expenditure due to both respiration (R) and ammonium excretion (U) within every 
time period (p<0.01 in all cases). When the repeated measures analysis was run (again, 
dropping the 2.5°/oo treatment), the effect of salinity on R was insignificant (p>0.05) 
but the effect of salinity on U was significant (p<0.05). Neither was significantly 
affected by time (p>0.1) but the time by salinity interaction was highly significant in 
both cases (p=0.0001).
Scope for Growth
Scope for growth (P) was highest at 35%o, and less than half of this maximum 
at 2.5 and 257oo. The effect of salinity within each time period was significant 
(p<0.05) except for day 21 (p=0.1019) (Fig. 3.2). Despite a very significant time x 
salinity interaction (p=0.0001) and the dropping of the 2.5% o treatment, repeated 
measures analysis revealed the effect of both salinity and time to be significant (p <  0.05).
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Osmoregulatory Ability
Juveniles of both Callinectes similis and C. sapidus exhibit similar osmoregulatory 
abilities (Fig. 3.3). Hemolymph osmolalities, based on t-tests, were statistically different 
at only two salinities (p < 0.05), with that of Callinectes sapidus being lower than that of 
C. similis 25%o, and C. similis being lower at 10°/oo. Both species osmoregulated 
equally well at 2.5% o (Fig. 3.3).
Biochemical Composition
Table 3.2 gives the concentrations of each lipid class at each time and salinity, 
as well as total lipids. The time x salinity interaction was insignificant in all cases. 
Analysis of variance revealed a significant effect of salinity on total lipids (p<0.05) as 
well as sterols, phosphatidyl (P.) ethanolamine and P. choline (p < 0.01), with these lipid 
classes being lower in 35 than 2.5°/oo. Significant effects of salinity within time periods 
are shown in Table 3.2. In no case was the effect of time found to be significant.
RNAtDNA ratio was unaffected by salinity (p>0.05), although crabs exposed to 
2.5°/oo for three weeks exhibited a slightly lower mean ratio than crabs at 357oo (Table 
3.3). RNA:DNA ratio was significantly affected by time (p<0.05), decreasing first then 
increasing again between days 0 and 14. Salinity significantly affected DNA 
concentration (p<0.05), but not RNA concentration. Time did not affect either. 
Significant effects of salinity within time periods are shown in Table 3.3 (only one case).
Crabs exposed to 2.5% o for three weeks exhibited lower feeding rates than crabs 
at 35%o, but the effect of salinity was insignificant (p>0.05) (Fig. 3.4). Feeding rates 
expressed in Figure 3.4 are mean rate during the week prior to sampling for
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Figure 3.3. Hemolymph osmolality of juvenile Callinectes sapidus and juvenile C. 
similis. Bars represent ±_ SEM.
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Table 3.2: Lipid class composition of juvenile Callinectes similis exposed to two 
salinities (mg g*1 dry weight ±  SEM). TG = triacylglycerol; FA = fatty acids; ST = 
sterols; PE = phosphatidylethanolamine; PC = phosphatidylcholine; SM = 
sphingomyelin. Significant effect of salinity within time indicated by * (p<0.05) and
** (p<0.01).
Lipid Salinity (7oo)
Day 0
Day 7
2.5 35
TG 3 .7 4 + 1 .9 7 1 .8 4 + 1 .2 2
FA 4.03 + 1.12 3.88 +  1.26
ST 4.49 + 0.49 * 3.12 + 0.19
PE 5.05 ±  0.84 3.53 + 0.29
PC 12 .11+ 2 .04 8.07 ±  1.13
SM 1.36 + 0.18 1.27 ± 0 .1 9
TOTAL 30.78 +  4.80 21.70 ± 2 .9 6
TG 0.62 ±  0.41 1.01 ± 0 .7 4
FA 1.48 ± 0 .2 1 2.67 ±  0.71
ST 3.64 ±  0.25 3.26 ± 0 .1 2
PE 4.06 +  0.32 * 2.98 ±  0.30
PC 9.58 ±  0.89 7.16 ±  1.24
SM 1.29 ± 0 .0 7 1.29 ± 0 .1 0
TOTAL 20.67 ±  1.33 18.37 ±  2.05
1
TG 5.18 ± 2 .7 5 2.64 ±  0.00
FA 2.49 +  0.58 3.73 ±  0.74
ST 3.67 ± 0 .1 5 * 3.17 ± 0 .1 2
PE 4.89 ±  0.32 ** 3.25 ± 0 .1 8
PC 13.42 ±  1.91 * 7.49 ±  0.98
SM 1.21 ± 0 .0 6 1.03 ± 0 .0 7
TOTAL 30.86 + 4.41 21.32 +  2.84
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Table 3.3: RNA:DNA ratios and concentrations of RNA and DNA in juvenile 
Callinectes similis exposed to two salinities (ng g*1 dry weight +. SEM). Significant 
effect of salinity within time indicated by * (p<0.05) or ** (p<0.01).
Salinity (°/oo)____________
2.5 35
Day 0
RNA 8.09 + 1.47 8 .0 4 + 1 .0 7
DNA 4.02 +  1.04 2.82 + 0.46
RNA:DNA 2.39 + 0.34 3.14 + 0.47
Day 7
RNA 7.79 + 1.00 4.80 + 1.05
DNA 4.33 + 0.74 2.85 + 0.40
RNA:DNA 2.07 +  0.28 1.86 + 0.31
Day 14
RNA 7.14 +  0.65 5.94 + 0.74
DNA 2.96 + 0.25 ** 1.90 + 0.14
RNA:DNA 2.62 + 0.44 3.23 + 0.47
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Figure 3.4. Effect of salinity on feeding rates of juvenile Callinectes similis measured 
in conjunction with sampling for determination of biochemical composition (RNA, 
DNA, lipids). Feeding rate measured as mean daily feeding rate (mg wet wt. 
eaten d*1 g'1 ash-free dry weight) during the week prior to sampling. Bars 
represent +. SEM.
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determination of biochemical components. When regressions were run combining data 
from all salinities and sampling periods, several biochemical components were found to 
be significantly correlated with feeding rate. Regressions of RNA:DNA on feeding rate 
were significant (p<0.01) at both 2.57oo (R2=0.273) and 35°/oo (R2=0.526). 
Regressions of total lipids on feeding rate were significant (p<0.01) at both 2.57oo 
(R2= 0.362) and 35°/oo (R2=0.528), as well.
Discussion
Juvenile Callinectes similis are very tolerant of extreme salinities, able to survive 
in waters ranging from near freshwater to hypersaline. Based on overlap of 95% 
confidence intervals, upper 21d LC50 of juvenile C. similis (60.8°/oo) was insignificantly 
different from that of juvenile C. sapidus (56.0%o) collected from the same marsh at the 
same salinity (Guerin and Stickle, 1992). Callinectes similis juveniles, however, were 
not as tolerant to low salinity (lower 21d LCS0 of 2.6°/oo) as those of C. sapidus. which 
survived 0% o. After 21 days, C. similis exhibited 100% survival at 5% o, but mortality 
drastically increased below this (25 and 0% survival at 2.5 and 07oo, respectively). 
Therefore, tolerance of juvenile C. similis appears to differ from that of juvenile C. 
sapidus only at salinities below 5% o. My mortality levels are in general agreement with 
those of Hsueh et al. (1992a), with the exception of much lower mortality at 5% o 
(Hsueh et ah reported 75% mortality after 7 days). Hsueh et al. (1992a) exposed the 
crabs without acclimation, as opposed to lowering salinity gradually, and this may 
account for the difference in mortality at 5°/oo. Environmental effects (history of salinity 
exposure) and population differences may also play a role. Our earlier work
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demonstrated differential salinity tolerances between geographically separated C. sapidus 
populations exposed to different salinity regimes (Guerin and Stickle, 1992). Mortality 
data reported in this study and by Hsueh et ah (1992a), however, both involved C. 
similis captured from waters of nearly identical salinity.
Norse and Fox-Norse (1982) pointed out that, within the genus Callinectes. 
hyposalinity tolerances varied with salinity regimes inhabited by the species. They used 
salinity tolerance data along with morphological and ecological characteristics to group 
members of the genus into smaller, less euryhaline species occurring more commonly 
offshore (the danae group) and larger, more euryhaline species more commonly found 
in estuaries (the bocourti group), C. similis belonging to the former and C. sapidus to 
the latter. Our results demonstrate that the two species have differing hyposalinity 
tolerances. Both species still, however, exceed other euryhaline crustaceans with regard 
to salinity tolerance (Davenport, 1972; Knowlton and Kirby, 1984; Knowlton and 
Schoen, 1984).
Molts were too infrequent to allow for calculation of intermolt periods or growth. 
Guerin and Stickle (1992) reported intermolt period of juvenile Callinectes sapidus to be 
longer at 2.5% o than at all higher salinity treatments. Cadman and Weinstein (1988) 
reported that intermolt period was primarily influenced by temperature, but temperature 
and salinity both affected growth per molt and growth per day, growth being greater at 
higher salinities.
Total energy expenditure (R+U) increased with decreasing salinity, Although the 
repeated measures analysis did not show this relationship to be significant, this was
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probably due to the fact that the low salinity treatment, in which energy expenditure was 
highest, was not included in the analysis due to mortality after day 7. The confounding 
effect of the salinity-time interaction may also obscure the effect of salinity. Within each 
time period, however, the effect of salinity was significant (even after the 2.5°/oo crabs 
had died, leaving only 4 treatments). When all data were averaged by treatment and 
analyzed with a simple ANOVA, ignoring the effect of time, the effect of salinity was 
highly significant (p=0.0001). This was also the case for all energy budget components 
presented in Table 3.1, with the exception of U (p=0.0306).
Callinectes sapidus from the same marsh and salinity as the C. similis used in this 
experiment did not exhibit an increase in energetic expenditure with decreased salinity. 
C. sapidus from a hypersaline lagoon in Texas, however, exhibited this inverse 
relationship (Guerin and Stickle, 1992). When exposed to 2.57oo, C. similis juveniles 
expended more than twice as much energy (per g body weight per day) than C. sapidus 
juveniles from the same site and salinity. Callinectes sapidus from the hypersaline 
lagoon system, however, exhibited comparable levels of energy expenditure to C. similis. 
C. similis from this marsh system, therefore, may incur a greater cost of metabolism at 
low salinity than C. sapidus from the same waters. This is likely due to an increased 
cost of osmoregulation at low salinity. Piller et al. (in press) have demonstrated 
increased respiration in excised gills of C. sapidus and C. similis at low salinity, with 
the increase being greater in C. similis. They have suggested that the gills of C. similis 
are "leakier" (more permeable) than those of C. sapidus (personal communication), 
possibly explaining the need to expend more energy to osmoregulate. Both species are
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able to osmoregulate equally well after one week of acclimation to 2.5% o, but C. similis 
juveniles begin to die not long after this, whereas C. sapidus juveniles do not.
Respiration was the largest component of energetic expenditure in C. similis. 
This is the case with most marine invertebrates and in both populations of Callinectes 
sapidus previously studied (Guerin and Stickle, 1992). Both respiration rate and 
ammonium excretion rate increased as salinity decreased. The increase in respiration rate 
was manifested primarily by a two-fold increase between 10 and 2.5%o. Other studies 
have reported a similar increase in respiration rate with decrease in salinity in the 
congener C. sapidus (Engel and Eggert, 1974; Findley et ah, 1978; Guerin and Stickle, 
1992 [hypersaline population]) but in some cases, no relationship was apparent (Laird and 
Haefner, 1976; Sabourin, 1984; Guerin and Stickle, 1992 [brackish water population]). 
Likewise, Das and Stickle (1993) reported respiration rate of C. similis increased as 
severity of hypoxia increased, whereas that of C. sapidus did not.
Energy consumption and absorption did not exhibit the obvious trend with salinity 
observed with energy expenditure. In most marine invertebrates, scope for growth 
parallels energy absorption (Stickle, 1985). This was also the case here, except at the 
lowest, most stressful salinity. Energy absorption was lowest at 25°/oo (resulting in the 
low scope for growth at this salinity) and higher at other salinities, reflecting higher 
energy absorption rate. The low scope for growth of surviving crabs at 2.5%o, 
however, was caused more by the large contribution of energetic expenditure, relative 
to that at higher salinities, rather than a low absorption or feeding component.
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Although surviving crabs at 2.57oo did not exhibit a decrease in energy 
absorption relative to those at higher salinities, decreased feeding rate appeared to be 
related to mortality of the crabs that did not survive. When these data were examined 
on a daily basis, it was discovered that crabs which died in the 2.5% o treatment 
exhibited a drastic decrease in feeding rate in the days immediately preceding mortality 
(Fig. 3.5). This decrease in available energy combined with constant and high energy 
expenditure required for metabolism and osmoregulation at this salinity drives the scope 
for growth below zero, eventually resulting in death. Since mortality was almost 
complete by day 7 at 2.5% o, the scope for growth at this salinity can be considered 
artificially high in that it only includes the surviving crabs from the first half of the 
experiment. Most C. similis at this salinity did not survive and probably exhibited 
negative or low scopes for growth prior to mortality, based on their drastic decreases in 
feeding. Mortality did not appear to be related to molting in these crabs, as only one 
death coincided with a molt.
Biochemical composition was measured weekly for three weeks (at 2.5 and 
35%o) in conjunction with feeding to determine if this decrease in feeding prior to 
mortality at 2.5% o was reflected by a decrease in RNA:DNA ratios or lipid components. 
Wang and Stickle (1986) reported RNArDNA ratios of juvenile Callinectes sapidus to 
decline with starvation. In this study, neither RNA:DNA nor total lipids exhibited a 
decrease with decreasing salinity (Tables 3.2 and 3.3). In fact, the concentration of 
several lipid components was higher at 2.5 than at 35%o. As we did not observe a 
significant decrease in feeding with salinity, this is not surprising. However, regressions
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Figure 3.5. Daily feeding rate of juvenile Callinectes similis at 2.5°/oo in the 7 days 
prior to mortality (for crabs that did not survive this treatment in the bioenergetics 
experiment); measured as mean feeding rate (mg wet wt. eaten d'1 g'1 wet weight) 
on each of the 7 days prior to mortality. Bars represent +. SEM.
Feeding ra te  (mg e a te n /g  wet body w eight/d)
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of both total lipids and RNA:DNA on feeding rate (all time periods within salinity) were 
all significant, indicating that feeding is somewhat correlated with these biomarkers. 
Low R2 values may be indicative of low sample size or variability due to confounding 
factors such as stage of molt cycle, which may be masking relationships between salinity 
and feeding. Wang and Stickle (1988) reported similarly low R2 values in significant 
regressions between RNA:DNA and both growth rates and scope for growth (C. 
sapidus). concluding that many factors may be influencing these relationships. 
RNA:DNA ratios of juvenile C. similis reported here (Table 3.3) are similar to those 
reported for juvenile C. sapidus in Wang and Stickle (1986) (2.92 for control crabs). 
Lipid components of juvenile C. similis reported here (Table 3.2) are similar to those 
reported by Wang and Stickle (1987) for juvenile C. sapidus. with the exception of the 
absence of fatty acids in the latter species. Phosphatidylcholine was the most abundant 
lipid in both studies. Low concentrations of total lipids (only 2-3% dry weight) may 
indicate that lipids in juvenile crabs are limited to a primarily structural role, rather than 
one of energy storage.
Highest energy absorption rate and scope for growth were exhibited by Callinectes 
similis juveniles exposed to 35%o. C. sapidus juveniles from this site and salinity 
exhibited highest scope for growth at 10 and 25%o (Guerin and Stickle, 1992). 
Therefore, juvenile C. similis are better adapted bioenergetically to 35°/oo and juvenile 
C, sapidus. to 10-25%o. Scope for growth of C. similis is not low enough at 10 and 
25°/oo to preclude juveniles from invading estuaries in order to obtain the added benefits 
of refuge and food, which may be scarcer offshore. This may account for the fact that
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juveniles of both species overlap in distribution within salt-marsh estuaries (Hsueh et ah , 
1993).
While juvenile C. similis are less tolerant of low salinity, they are still capable 
of surviving in waters as low as 5% o. Hsueh et ah (1992a) reported no difference in 
salinity tolerance between juvenile and adult C. similis. yet adult C. similis are rarely 
found in low-salinity waters (Williams, 1984). Perhaps adult C. similis are inferior 
competitors to C. sapidus and the benefits of remaining in the low-salinity marshes are 
decreased, driving them offshore. C. similis have been reported to be less aggressive 
than C. sapidus (Hsueh et ah, 1992a). Adult C. similis. in addition, may be more 
capable of exploiting offshore resources than juveniles. Hsueh et ah (1992b) reported 
that C. similis undergoes an ontogenetic shift in feeding, tending to feed more on fish 
than bivalves with increased size. Das and Stickle (1993) report that C. similis is more 
tolerant of hypoxia than C. sapidus. This may better enable it to inhabit nearshore 
continental shelf waters off Louisiana west of the Mississippi River delta, which are 
subject to large-scale periodic episodes of oxygen depletion (Rabalais et ah, 1992). 
Indeed, Williams (1985) reported catches of C. similis to be greatest in areas of low 
dissolved oxygen.
Hsueh et ah (1992a) suggest that limited osmoregulatory ability of juvenile 
Callinectes similis may restrict them from marsh habitats during periods of extended low 
salinity. This is not borne out by my data, as juveniles of both species exhibit 
comparable osmoregulatory ability even at 2.57oo, which is lethal to C. similis (75% 
mortality after 21 days). It is more likely that the higher relative cost of osmoregulation
suggested by Piller et aL (in press) makes it too "expensive", energetically, to remain 
in such low salinity waters. Engel (1977) reported that adult C. sapidus was a better 
osmoregulator at low salinities than C. similis. It is possible that the osmoregulatory 
ability of C. sapidus improves as they mature to adults, whereas that of C. similis does 
not. This would further help explain the fact that adults of these two congeners do not 
overlap in distribution as juveniles do.
Chapter 4
A Comparative Study of Two Sympatric Species within the Genus Callinectes: 
Effects of Salinity on Growth and Molting,
Long-term Acclimation to Salinity, and Allozyme Electrophoresis
74
75
Introduction
The blue crab Callinectes sapidus and the lesser blue crab C. similis are 
congeners existing sympatrically throughout the latter’s geographic range, along the 
eastern coast of North America from Delaware Bay to the Yucatan peninsula (Williams, 
1974). The geographic range of C. sapidus extends further north to Nova Scotia, south 
to Argentina, and throughout the Caribbean. Additional records of C. sapidus from the 
Mediterranean and western European coasts are most likely due to human introduction 
via larvae in ship ballast water. While the species co-occur within estuaries, C. sapidus 
inhabits a wider range of salinities and has been reported in waters of as low as 07oo and 
generally prefer low salinity, whereas C. similis is usually restricted to waters above 
15%o (Williams, 1984; Hsueh, et al., 1993). Hsueh et al. (1993) report that C. similis 
inhabiting shallow, low salinity marshes, were exclusively juveniles (<40mm carapace 
width), while adults and sub-adults inhabited only higher salinity, open bay habitats of 
Mobile Bay. Our observations in the Port Fourchon, LA area agree with these findings, 
in that adults are never found inshore, whereas both juvenile and adult C. sapidus are 
common in shallow marshes.
Callinectes sapidus and C. similis exhibit similar life cycles (Millikin and 
Williams, 1984; Hsueh et al., 1993). Egg-carrying females migrate to the mouth of 
estuaries to spawn, releasing zoea larvae in high salinity waters. An offshore planktonic 
existence follows, consisting of 6-8 zoeal stages and lasting 1-1.5 months (Bookhout and 
Costlow, 1977; Millikin and Williams, 1984). Larvae reinvade estuaries as megalopae, 
and early crab stages begin migrating upstream to lower salinity waters. Maturity of C.
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sapidus is reached after 18*20 postlarval molts, taking from 10-20 months depending 
upon latitude, temperature and season (Millikin and Williams, 1984).
Based on morphological and physiological characteristics, Norse and Fox-Norse 
(1982) have proposed evolutionary relationships within the genus Callinectes. grouping 
C. similis with smaller, offshore dwelling species (the "danae" group) and C. sapidus 
with larger, inshore dwelling species (the "bocourti” group). Kordos and Burton (1993) 
and McMillen-Jackson et al. (1994) have used allozyme electrophoresis to analyze 
population genetics of C. sapidus. but to date, molecular relationships with other species 
of the genus have not been investigated.
Engel (1977) and Filler et al. (in press) reported osmoregulatory ability of adult 
C. sapidus to exceed that of adult C. similis at 57oo. Results presented in Chapter 2, 
and those of Hsueh et ah (1992a), demonstrate that Callinectes sapidus is more tolerant 
of low salinity than C. similis. at both the juvenile and adult stage. These studies 
demonstrated, however, that C. similis can survive for extended periods in the lab at 
salinities below 15%o, suggesting that other factors such as competition and sub-lethal 
effects on growth may contribute to distributional differences observed within estuaries.
Salinity has been shown to affect scope for growth of juvenile Callinectes sapidus 
and C. similis. with C. sapidus exhibiting highest scope for growth at 10-25%o (Guerin 
and Stickle, 1992) and C. similis at 35°/oo (see Chapter 2). However, calculation of 
actual growth rates from short term studies is difficult due to the incremental growth 
pattern of crustaceans. The above bioenergetics experiments were carried out for 28 
days, and many crabs molted only once or not at all. Exposing crabs to a range of
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salinities over a longer time period allows calculation of growth rates, thus making it 
possible to determine if the scope for growth differences mentioned above are reflected 
by differences in actual growth between the species.
In the present study, juvenile C. sapidus and C. similis were exposed to 3 
salinities each for 67 days. Growth and molting were monitored throughout the exposure 
period for calculation of growth rates in terms of carapace width, wet weight, dry weight 
and ash-free dry weight. Feeding and osmoregulation were measured at the beginning 
and end of the study to determine if long-term exposure could result in acclimation (i.e., 
does feeding or osmoregulatory ability improve with time of exposure to stressful 
salinity?). Separate measurements of the osmoregulatory ability of juvenile and adult C. 
sapidus and C. similis were also taken to determine if an ontogenetic shift may contribute 
to differences in distribution seen within and between the species. Finally, allele 
frequencies at 15 enzyme loci were determined for each species using allozyme 
electrophoresis, allowing for calculation of genetic distance between the species. 
Materials and Methods 
Collection and Maintenance
Juvenile Callinectes sapidus and C. similis were collected in April 1992 and June 
1993, respectively. All crabs were collected by dip net in the vicinity of the Louisiana 
Universities Marine Consortium (LUMCON) laboratory at Port Fourchon, LA, USA. 
Salinity at the time of collection was 25°/oo for C. sapidus and 21%o for C. similis. 
Carapace width of C. sapidus averaged 19.04mm (12.50-27.50mm), while that of C. 
similis averaged 29.83mm (23.90-36.65mm). Juvenile crabs of these sizes are likely 3-4
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months postlarval, based on age of similar sized hatchery-raised blue crabs (Millikin et 
ah, 1980). Crabs were returned to the laboratory in Baton Rouge and transferred to 38- 
liter aquaria with undergravel filters at ambient salinity. Water temperature in the lab 
remained at 21°C (±1°C) throughout both experiments. To prevent cannibalism and 
allow for measurement of individual feeding rates, all crabs were held in separate 
suspended chambers constructed of plastic cups (65mm diameter), with 50mm openings 
on two sides (covered with 1mm nitex mesh) to allow for free flow of water. Crabs at 
or molting to greater than 30mm carapace width were transferred to larger chambers 
(90mm diameter) of similar construction.
Long-term Exposure
Forty-eight Callinectes sapidus each were acclimated to treatment salinities of 2.5, 
10 and 30%o by step-wise acclimation at 2-3%o per day. Day 0 of the exposure period 
was one week after each target salinity was reached. Sixteen of the 48 crabs were used 
for determination of osmoregulatory ability at day 0 and sacrificed to obtain wet to dry 
weight and wet to ash-free dry weight regressions at day 0. Hemolymph osmolality was 
obtained by inserting a lO/il micropipette through the arthrodial membrane above the fifth 
walking leg, withdrawing an 8/fi sample, and reading on a Wescor Model 5100B vapor 
pressure osmometer. These crabs were then sacrificed and weighed for wet weight, 
dried at 90°C overnight for determination of dry weight, and ashed in a muffle furnace 
for at 450°C for 4 hours for determination of ash weight. Ash-free dry weight was 
calculated as the difference between dry weight and ash weight. Regressions obtained
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from these data were used to calculate beginning (day 0) dry and ash-free dry weights 
for the crabs used in the long-term growth portion of the study.
The 32 remaining crabs per treatment were maintained at 2.5, 10 and 307oo for 
67 days. The large number per treatment was necessary since a percentage would likely 
succumb to mortality before day 67, especially at stressful salinities. Crabs were fed 
abdominal tissue of the grass shrimp Palaemonetes pueio daily for sustenance, taking 
care to supply the crabs with more food than they would eat on a daily basis so that 
growth would not be affected by limited food supply. Feeding rates were measured on 
days 0 through 7 for calculation of an average daily rate at the beginning of the exposure 
period. Feeding rates were again measured at the end of two month’s of exposure (days 
61-67). Feeding rates were measured by adding pre-weighed portions of P. pueio 
abdominal tissue daily, then removing and weighing the uneaten portion 24 hours later, 
replacing with fresh food. Growth and molting were monitored throughout the 67 day 
period. Carapace width and wet weight of all crabs were recorded at day 0 and then 2 
days subsequent to each molt, allowing time for water uptake and recalcification. 
Carapace width and wet weight of each crab were recorded at the end of the exposure 
period (day 67) as well. Hemolymph osmolalities were taken on all surviving crabs, and 
they were then sacrificed for determination of dry weights and ash-free dry weights.
Procedure for the long-term growth and molting study of Callinectes similis 
(subsequent summer) was identical with the following exceptions. In this case, the low 
salinity treatment used was 5°loo rather than 2.5nloo. Since I was interested in 
monitoring sub-lethal effects, I chose 5% o believing that the stress due to low salinity
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would be sufficient to exert a measureable effect on growth, yet allow enough crabs to 
survive for assessment of growth (2.5%o would have resulted in complete mortality for 
this species, see Chapter 2). I chose 2.5% o as the low salinity treatment for C. sapidus 
for similar reasons, feeling that 5% o was too high to produce observable sub-lethal 
effects in that species. In each case, low salinity treatment was selected by it being 
2.5% o above the 21d LCS 0  for that species, as reported by Guerin and Stickle (1992) for 
C. sanidus and in Chapter 2 for C. similis (0°/oo for C. sapidus and 2.6°/oo for C. 
similis). Numbers of C. similis used in the long-term study were 33, 27 and 33 for 5, 
10 and 307oo, respectively. Numbers sacrificed at day 0 for measurement of 
hemolymph osmolality, dry weights and ash-free dry weights were 11, 12 and 16 for 5, 
10 and 307oo, respectively.
Adult vs. Juvenile Osmoregulation
To compare osmoregulatory ability of adult and juvenile crabs, separate 
collections were made of juveniles and adults of each species from as near to the Port 
Fourchon site as possible (see below for adult Callinectes similis). Juveniles of each 
species were collected by dip net in July 1992 at the LUMCON lab in Port Fourchon. 
Salinity at the time of collection was 277oo. Average carapace width of C. sapidus was 
21.41mm (16.95-28.40mm) and of C. similis. 23.54mm (18.20-28.90mm). Crabs were 
returned to Baton Rouge and maintained as above, acclimating step-wise to salinities of 
2.5, 10, 25, 35, 50 and 607oo (12 crabs per treatment). Hemolymph osmolality was 
measured after one week of exposure to target salinities, using the method detailed 
above. Number of crabs surviving to this point in time were 11, 11, 12, 10, 9 and 6  C.
similis and 10, 10, 9, 9, 8  and 8  C. sapidus (at 2.5, 10, 25, 35, 50 and 60%o, 
respectively).
Adult C. sapidus were captured from the Port Fourchon site in November, 1993, 
using baited crab traps. Salinity at the time of collection was 23%o. Crabs were 
returned to the laboratory in Baton Rouge and transferred to 38-liter aquaria with 
undergravel filters and 23°/oo water (4 crabs per tank, separated by plexiglas dividers). 
Average carapace width was 144mm (105-176mm). Twelve crabs each were brought to 
target salinities of 2.5, 10, 25, 35, 50 and 60°/oo via step-wise acclimation (only 11 
survived to 2.5, 10, 50 and 60°/oo). Each treatment group consisted of 7 males and 5 
females. Tagatz (1971) reported no significant difference in osmoregulatory ability 
between the sexes, so all of our data were combined to obtain a mean hemolymph 
osmolality for each treatment. Hemolymph osmolality was measured following one week 
of exposure, using the method detailed above for juvenile crabs.
Adult Callinectes similis were not obtainable at the Port Fourchon site, as they 
primarily inhabit offshore waters. After unsuccessfully attempting to collect 3 miles 
offshore from Port Fourchon (via otter trawl), a small sample of adult C. similis (6 ) was 
obtained from the Louisiana Department of Wildlife and Fisheries. These crabs were 
collected offshore via otter trawl in June, 1994, 18 miles south of Port Fourchon 
(28°50’N, 90°30’W) at 32 meters and 307oo. All specimens were male. Average 
carapace width was 87mm (75-96mm). Several attempts were also made to collect adult 
C. similis in the Mississippi Sound area with the aid of the Fisheries Department at the 
Gulf Coast Research Laboratory in Ocean Springs, MS. Five adult males were obtained
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in June, 1994, from an offshore site 25 miles south of Ocean Springs (29°58’N, 
88°49’W) at 11 meters and 22%o. Average carapace width was 70mm (61-77mm). As 
we were unable to obtain large numbers of adult C. similis from either site, individuals 
were first acclimated to 1 0 % o, as above, with hemolymph osmolality being measured 
one week later. Salinity was then lowered to 2.57oo over a period of three days, and 
hemolymph osmolalities were taken from the same crabs after another week. Puncture 
wounds made with the micropipettes clotted within minutes and healed within days, so 
it is unlikely that sampling at 107oo influenced subsequent hemolymph osmolalities taken 
at 2.57oo. Due to the scarcity of adult C. similis and the desire to avoid unnecessary 
stress on individuals already being acclimated to two low salinities, hemolymph 
osmolalities were not taken at higher salinities. In any case, Engel’s (1977) results 
demonstrate that hemolymph osmolalities of adult C. similis would likely be at or near 
isosmotic at these salinities.
Allozvme Electrophoresis
Juvenile (22-36mm carapace width) Callinectes sapidus (n=40) and C. similis 
(n=40) were collected at the Port Fourchon site in May 1991 for electrophoretic analyses 
of the two species. Crabs were transported live to Louisiana State University in Baton 
Rouge and frozen at -60°C until analyzed. Tissue extracts were prepared from whole 
body homogenates. Tissue extraction and starch-gel electrophoresis procedures were 
similar to those of Murphy et al. (1990). The fifteen enzyme loci resolved are given in 
Table 4.1, with abbreviations following Shaklee et al. (1990) excepting arginine kinase 
(ARK), formaldehyde dehydrogenase (FDH), leucine aminopeptidase (LAP), peptidase
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Table 4.1: Callinectes sapidus and C. similis. Enzymes analyzed by starch-gel
electrophoresis.
Enzyme Abbre­
viation
Number 
of loci
E.C.
Number
Acid Phosphatase ACP 1 3.1.3.2
Arginine kinase ARK 1 2.7.3.3
Enolase ENO 1 4.2.1.11
Formaldehyde dehydrogenase FDH 1 1 .2 . 1 . 1
Glutamic-oxaloacetic transaminase GOT 1 2 .6 . 1 . 1
Glutamic-pyruvate transaminase GPT 1 2 .6 . 1 . 2
Hexokinase HK 1 2.7.1.1
Leucine aminopeptidase LAP 1 3.4.11 or 13
Malate dehydrogenase MDH 1.1.1.37
Mannose-6 -phosphate isomerase MPI 1 5.3.1.8
Peptidase (leu-ala) PEP-LA 1 3.4.11 or 13
Glucose-6 -phosphate isomerase GPI 1 5.3.1.9
Phosphoglucomutase PGM 1 5.4.2.2
Xanthine dehydrogenase XDH 1 1.1.1.204
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specific to leu-ala (PEP-LA) and xanthine dehydrogenase (XDH). Conventional statistics 
(allele frequencies, levels of polymorphism, observed and expected heterozygosities, 
genetic distance) were calculated using standard formulas (Richardson et al. 1986, 
Murphy et al. 1990).
Data Analysis
Only crabs surviving throughout the exposure period, to day 67, were used in 
calculations of growth and feeding rates. Overall growth throughout the 67 day period 
was calculated as percent increase per day for each species at each treatment. Percent 
increase in wet weight, carapace width, dry weight and ash-free dry weight were 
calculated from beginning (day 0) and ending (day 67) values. Dry weight and ash-free 
dry weight growth rates were based on actual measured weights at day 67 and weights 
calculated from regressions at day 0. In cases where the two species were compared, 
the 2.5% o treatment for C. sapidus and the 57oo treatment for C. similis were 
considered the "low salinity" treatment, defined as a salinity 2.57oo above the 21d LCS 0  
for that species. A two-way analysis of variance was used to test for effects of species, 
salinity and the species x salinity interaction on growth rate, growth per molt and 
intermolt period. Hemolymph osmolalities of crabs of different species, age or time of 
exposure were compared within treatment salinity using t-tests (alpha=0.05). Effects of 
time and salinity on feeding rates were analyzed by repeated measures analysis, since 
feeding rates of the same crabs were measured at the beginning and end of the 
experiment and, as such, time was a variable which could not be randomized.
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To remove the effects of body weight on feeding rate, all rates were standardized 
to those of a 1 g ash-free dry body weight crab (J ■ standard lg crab* 1 • day*'). To do 
this, regressions of feeding rates (mg eaten/day) with ash-free dry body weight were 
compared among salinity treatments within species using analysis of covariance. If 
regressions were significant and the slopes differed from zero, then weight affected rate. 
If the slopes differed from each other in the different salinity treatments, then this effect 
was different at the different salinity treatments. Different regressions were used for 
each salinity if the latter were the case. Otherwise, data were combined to obtain a 
common regression line across all salinities. Adjusted rates were calculated using the 
formula:
Y’=Y-[b(WT-WT)]
from Neter and Wasserman (1974), where Y’=adjusted (weight-specific) feeding rate, 
Y=unadjusted feeding rate, b=slope of the regression of unadjusted feeding rate and 
ash-free dry weight, WT=ash-free dry weight of the individual crab, and WT=mean 
ash-free dry weight of all crabs for that regression. Y’ was then divided by WT to 
obtain adjusted feeding rate per gram ash-free dry weight. If the regression effect was 
insignificant, then the unadjusted feeding rate was simply divided by ash-free dry weight 
for each crab.
All data analyses were carried out using the Statistical Analysis System (SAS 
Institute, Inc. 1985).
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Results
Long-term Study -  Growth
As mentioned above, results reported here include only crabs which survived 
throughout the exposure period. Percent survival of Callinectes sapidus in each treatment 
was 41 (2.5°/oo), 6 6  (10%o) and 75% (30°/oo). Percent survival of C. similis in each 
treatment was 39 (57oo), 26 (10%o) and 45% (307oo).
Two-way analysis of variance (species x salinity) revealed no significant effect of 
salinity on overall growth rate (% increase/day) of Callinectes sapidus or C. similis over 
the 67 day period, as measured by carapace width or any measure of weight. However, 
the species x salinity interaction term was significant (p<0.05) for growth rate in terms 
of dry weight, indicating that the two species responded differently to salinity with 
respect to this measure of growth. Figure 4.1 shows that growth rate (as measured by 
% increase in dry weight/day) of C. similis exposed to 57oo was significantly depressed 
relative to that of crabs at 107oo. Growth rate (% dry weight increase/day) of C. 
sapidus was unaffected. Waller-Duncan’s k-ratio t test was used to test for differences 
between the six treatment means in this case (dry weight), the only case where the 
species x salinity interaction term was significant. The interaction term was insignificant 
(p=0.081) for growth in terms of ash-free dry weight, although the two species appeared 
to respond differently to salinity (Fig. 4.1). Large variability within the 107oo C. similis 
treatment, however, may have masked any difference.
The two-way ANOVA revealed a significant effect of species on growth rate as 
measured by wet weight (p <  0 .0 1 ), carapace width (p <  0 .0 1 ), and dry weight (p <  0.05).
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Figure 4.1. Effect of salinity on growth rates of juvenile Callinectes sapidus and C. 
similis. as measured by percent increase per day in wet weight, carapace width, 
dry weight and ash-free dry weight. Bars represent +. SEM. Letters, where 
applicable, represent Waller-Duncan k-ratio t test for effect of salinity within 
species.
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Growth rates of Callinectes sapidus were usually greater than those of C. similis and 
showed less variation with salinity (Fig. 4.1). Callinectes sapidus averaged 2.89 +0.23, 
2.90.+0.26, 2.62.+0.26 and 0.74^.0.05 % increase per day in wet weight, dry weight, 
ash-free dry weight and carapace width respectively (average across all salinities j£. 
standard error of the mean). C. similis % increase per day in wet weight, dry weight, 
ash-free dry weight and carapace width were all highest at 10°/oo (2.58+0.41, 
3.16+0.90, 3.50±1.33 and 0.48±0.07) and lowest at 5°/oo (1.40±0.20, 1.32±0.27, 
1.60+0.37 and 0.36+0.05), with intermediate growth occurring at 30°/oo. As 
mentioned above, lowest salinity for each species in this model were considered the "low 
salinity" treatment, for comparison, based on each being 2.5% o above the 21d LCS 0  for 
that species.
Percent increase per molt was calculated by assigning crabs into 4 size classes 
based on pre-molt carapace width (5-15, 15-25, 25-35 and 35-45mm) for each molt 
throughout the 67 day period. This measure of growth could only be calculated in terms 
of wet weight and carapace width, as too few crabs were available to obtain dry and ash- 
free dry weights mid-way through the exposure period. In most cases, as expected, 
percent increase per molt decreased with increasing size class (Figures 4.2 and 4.3).
Two-way analysis of variance was conducted within sizeclass as well. Since most 
crabs were of either the 15-25mm (83% of Callinectes sapidus juveniles) or 25-35mm 
(80% of C. similis) sizeclasses, and since they were the only size classes with members 
of each species, the ANOVA could only be run within these two sizeclasses. Neither the 
effects of species, salinity, nor the interaction term on % wet weight increase/molt were
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Figure 4.2. Growth per molt of juvenile Callinectes sapidus and C. similis by size class 
as measured by percent increase in wet weight per molt, a) Percent increase in 
wet weight per molt of juvenile C. sapidus by size class at three salinities b) 
Percent increase in wet weight per molt of juvenile C. similis by size class at 
three salinities c) Percent increase in wet weight per molt of juvenile C. sapidus 
and C. similis by size class, data for all salinities combined. Bars represent +. 
SEM.
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Figure 4.3. Growth per molt of juvenile Callinectes sapidus and C. similis by size class 
as measured by percent increase in carapace width per molt, a) Percent increase 
in carapace width per molt of juvenile C. sapidus by size class at three salinities 
b) Percent increase in carapace width per molt of juvenile C. similis by size class 
at three salinities c) Percent increase in carapace width per molt of juvenile C. 
sapidus and C. similis by size class, data for all salinities combined. Bars 
represent +. SEM.
Premolt carapace width (mm) :
I I 5 - 1 5  Y////X 1 5 -2 5  I:::::!  2 5 - 3 5 3 5 - 4 5
93
O
E
•c
£
< D
O
CO
acoL.
CO
o
a>co
co
a>
oc
*
75 C. sapidus
50
25
102.5 3 0
7 5
5 0
25
b . C. s/milis
■  I I
5 10 3 0
Salinity (o/oo)
5 0
2 5
C.
1
m
C. sapidus C. s/m/iis
94
significant within the 15-25mm sizeclass. Most of these crabs, again, were C. sapidus. 
and growth (wet weight) per molt of this species showed no trend with salinity (Fig. 
4.2a). Within the 25-35mm sizeclass, however, there was a highly significant effect of 
species (p<0.01) on growth per molt as measured by wet weight. Although the effect 
of salinity was insignificant (p=0.069), there did appear to be a trend with salinity, as 
% increase in wet weight/molt of C. similis increased with increasing salinity (Fig. 
4.2b). Average percent wet weight increases for 25-35mm C. similis at 5, 10 and 30°/oo 
were 56.11 +4.57, 78.89+9.05 and 89.45+.7.64, respectively (+. SEmcan). The species 
x salinity interaction term was insignificant (p=0.086).
When data were averaged across all salinities, C. similis displayed greater percent 
wet weight increases than C. sapidus for both the 15-25 and 25-35mm size classes, the 
only two size classes where the two species overlap (Figure 4.2c). C. similis of the 25- 
35mm size class grew at roughly twice the rate per molt (75.45+4.74 % wet wt. 
increase) as C. sapidus of the same size class (39.41 +4.10), and roughly the same rate 
as C. sapidus of the next smaller size class (66.50+4.36).
No portion of the model exerted a significant effect on percent carapace width 
increase per molt for 15-25mm crabs. Crabs of the 15-25mm size class exhibited 
similargrowth per molt between the two species (Figs. 4.3a and b). Effect of species 
was significant (p<0.01) within the 25-35mm sizeclass. Callinectes similis exhibit a 
slight, though insignificant, salinity effect in that percent carapace width increase per 
molt of 25-35mm pre-molt crabs at 5% o was lower (16.00+.1.40) than that of 25-35mm 
pre-molt crabs at 307oo (19.69Jil.64) (Figure 4.3b). Other size classes of C. similis
95
revealed no trend with salinity, nor did any of C. sapidus. Average percent carapace 
width increase (across all salinities) of 25-35mm C. similis was nearly twice 
(18.02+.0.93) that of £ . sapidus of the same size class (11.80Ji0.95) (Figure 4.3c). 
Long-term Study — Molting
Molt frequency (molts/day) was calculated for each treatment based on average 
number of molts over the 67 day period, and intermolt period (days) as the inverse of 
molt frequency. Actual intermolt periods for crabs molting two or more times were also 
calculated. However, since few C. similis per treatment molted this often (due to their 
lower molt frequency), molt frequencies calculated this way were in effect upwardly 
biased towards these few faster molting crabs. Average intermolt periods calculated in 
this manner were 42.0Ji2.5 (5%o), 40.8Ji4.0 (10%o) and 40.0±3.2 (307oo) days for 
C. similis and 31.1+3.3 (2.57oo), 34.5+2.8 (107oo) and 34.8+3.8 (307oo) days for 
C. sapidus. Molt frequencies and intermolt periods reported in Table 4.2 are those 
calculated based on number of molts per 67 days.
Two-way analysis of variance revealed a highly significant species effect on 
intermolt period (p<0.01) and a significant interaction term (p<0.05), indicating that 
the two species responded differently to salinity with regards to intermolt period. 
Intermolt period of C. similis was significantly greater than that of C. sapidus at all but 
the 107oo treatment (Table 4.2). C. similis exhibited a more drastic salinity effect than 
C. sapidus. with intermolt period being longer at 5 and 307oo (54.12 and 58.07 days) 
than at 107oo (43.07 days). Waller-Duncan’s k-ratio t test was used for comparisons 
between the six treatment means.
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Table 4.2: Effect of salinity on molting in juvenile Callinectes sapidus and C. similis 
during the 67d experiment (means ±  SEM). Superscripts represent Waller-Duncan k- 
ratio t test for comparison of intermolt periods between the six treatments; means bearing 
the same letter are not significantly different.
C. sapidus
Salinity (% o) 2J> 10.0 30.0
M o lts /67 days 2.31 + 0.24 2.14 +  0.17 2.50 +  0.19
Molts / day 0.035 ±  0.004 0.032 +  0.003 0.037 +  0.003
Intermolt period (days) 33.93 +. 4.40 cd 36.42 ±  3.52 cd 28.38 ±  1.88 d
n 13 21 12
C. similis
Salinity (°/oo) 5J) 10.0 30.0
M o lts /67 days 1.38 ± 0 .1 4  1 .7 1 + 0 .1 8  1.27 +  0.12
Molts / day 0.021 ±  0.002 0.026 ±  0.003 0.019 +  0.002
Intermolt period (days) 54.12 + 4.70 ab 43.07 ±  6.18 bc 58.07 +  3 .9 6 “
n 13 7 15
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Long-term Study -- Feeding and Osmoregulation
Feeding rate of Callinectes sapidus was fairly stable across salinities at the 
beginning (days 0-7) of the exposure period (1.16+0.09 mg/g ash-free dry wt./day at 
30%o, 0.98.+0.04 at 10%o and 1.05.+0.08 at 2.5%o) (Figure 4.4a). Feeding of C. 
sapidus at 2.5 and 10%o increased by the end of the exposure period (days 61-67) 
relative to rates at the beginning, resulting in an inverse relationship with salinity where 
feeding rate at 2.57oo (1.53+0.10 mg/g ash-free dry wt./day) was higher than that at 
10 (1.34+0.07) and 307oo (1.23+0.09). Repeated measures analysis revealed a highly 
significant effect of time (p<0.01) on feeding rates of C. sapidus (salinity, p=0.07; 
interaction, p = 0 . 1 1 ).
Callinectes similis feeding rate at the beginning of the exposure period was lower 
at 307oo (0.56±0.06) and 107oo (0.48+0.10) than that at 57oo (1.14.+0.12) (Figure 
4.4b). By the end of the exposure period, however, feeding rates at 57oo and 307oo 
had decreased significantly (0.54+.0.13 and 0.33+0.10, respectively). Feeding rates of 
C. sapidus were greater than those of C. similis in every case except the low salinity 
treatment at the beginning of the exposure period. Repeated measures analysis revealed 
highly significant (p<0.01) effects of both salinity and time on C. similis feeding rates, 
with the effect of time being opposite that on C. sapidus (i.e. a decrease, rather than an 
increase, in feeding with time). The interaction term was insignificant.
Both species maintained hemolymph osmolalities well above seawater at low (2.5 
or 57oo) and intermediate (107oo) salinities, while osmoconforming at 307oo (Figures 
4.5a and 4.5b). Both species, however, displayed a significant decrease in
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Figure 4.4. Effect of salinity on feeding rates of juvenile Callinectes sapidus (a) and C. 
similis (b) at the beginning and end of the exposure period. "Days 0-7" 
represents mean daily feeding rate (mg wet wt. eaten d ' 1 g' 1 ash-free dry weight) 
during the first week of exposure to each salinity treatment. "Days 61-67" 
represents mean daily feeding rate during the last week of exposure to each 
salinity treatment.
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Figure 4.5. Hemolymph osmolalities of juvenile Callinectes sapidus (a) and C. similis 
(b) at the beginning (Day 0) and end (Day 67) of the exposure period; crabs used 
for determination of growth rates. Bars represent +. SEM.
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osmoregulatory ability by the end of the 67 day period. T-tests comparing hemolymph 
osmolality of crabs at day 0 with that of crabs at day 67 reveal significant decreases in 
hemolymph osmolality of Callinectes sapidus juveniles with time (Figure 4.5a) at both 
2.5 (693±1  to 632+8) and 10%o (762+7 to 696+.6), while that of juvenile C. similis 
(Figure 4.5b) decreased significantly only at 5% o (627+.14 to 575.+21). Juvenile C. 
sapidus osmolalities were significantly higher than those of C. similis at low salinity 
(2.5%o C. sapidus compared to 5% o C. similis) on Days 0 and 67 and at 10%o on 
Day 0.
Adult vs. Juvenile Osmoregulation
T-tests comparing hemolymph osmolalities of juvenile and adult crab samples 
show that C. sapidus adults osmoregulate better than juveniles at all salinities below 
357oo (Figure 4.6a). Both species begin osmoconforming (actually slight 
hyporegulation) at salinities of 357oo and above (Figures 4.6a and 4.6b). 
Osmoregulation of adult C. similis at low salinity differed between crabs from the two 
sampling sites (Figure 4.6b). Adults from the lower salinity site (227oo) exposed to 
2.57oo exhibited a mean hemolymph osmolality which was significantly higher (665±.15) 
than that of either juveniles (549+23) or adults (567+28) from the high salinity (30%o) 
site. Hemolymph osmolality did not differ at 10%o between any samples of either 
juvenile or adult C. similis. Hemolymph osmolalities (at 2.5%o) of adult C. similis 
from the 22%o site overlapped with those of adult C. sapidus from the 23°/oo site, 
whereas adult C. similis from the 307oo site exhibited significantly lower hemolymph 
osmolalities.
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Figure 4.6. Juvenile vs. adult hemolymph osmolalities for Callinectes sapidus (a) and 
C. similis (b). Note that two populations of adult C. similis. each from a 
separate salinity, were sampled. Hemolymph osmolality of adult C. similis was 
only measured at 2.5 and 10%o due to small sample sizes. Bars represent +_ 
SEM.
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Allozvme Electrophoresis
Table 4.3 gives allele frequencies of Callinectes sapidus and C. similis juveniles 
for the six of the fifteen loci studied which were either polymorphic or exhibited fixed 
differences between the species (ACP, ARK, FDH, GOT-2, GPI and PGM). The other 
nine loci were monomorphic for the same allele in both species (ENO, GPT, HK, LAP, 
MDH-1, MDH-2, MPI, PEP-LA and XDH). Levels of polymorphism (P9J and P9 9 ) and 
mean observed and expected heterozygosities (H0  and Hc) are reported in Table 4.4. 
Only one locus per species exhibited polymorphism at the P9S level (GOT-2 for C. 
sapidus and FDH for C. similis). GOT-2 and ACP in C. similis were polymorphic at 
the Pg., level, as was PGM in C. sapidus. All allele frequencies conformed to Hardy- 
Weinberg expectations. Nei’s (1978) genetic distance (DN) between the two species was 
0.41092.
Discussion
Salinity exerted a more pronounced effect on growth of juvenile Callinectes 
similis than that of juvenile C. sapidus. Salinity had no effect on growth of C. sapidus 
as calculated by carapace width or any measure of weight. Growth of juvenile C. similis 
declined significantly between 10 and 5°/oo (as measured by dry weight). C. similis at 
5% o grew at roughly half the rate of those at 10%o, with crabs at 30%o exhibiting 
intermediate growth. Similar, though insignificant, trends were found for wet weight and 
ash-free dry weight (Fig. 4.1). Cadman and Weinstein (1988) reported salinity to affect 
juvenile C. sapidus growth averaged over five temperature treatments, but this effect was 
primarily due to a significant effect of salinity at low and high temperatures. Salinity did
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Table 4.3: Allele frequencies for Callinectes sapidus and C. similis juveniles from Port 
Fourchon, LA. Loci not shown were monomorphic for the same allele in each species 
(ENO, GPT, HK, LAP, MDH-1, MDH-2, MPI, PEP-LA and XDH). Forty individuals 
per species were sampled. Absence of an allele (frequency of 0) is denoted by dashed 
lines (--).
Locus Alleles C. sapidus £ . similis
ACP M -  0.9875
S -  0.0125
VS 1.000
ARK M 1.0000
S . -  1.0000
FDH F 1.0000
M -  0.7750
S -  0.2250
GOT-2 F -  0.0250
M 0.6250 0.9750
S 0.3750
GPI M 1.0000
S -  1.0000
PGM F 0.0125
M 0.9750
S 0.0125 1.0000
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Table 4.4; Genetic variability measures of juvenile Callinectes sapidus and C. similis 
from Port Fourchon, LA. P9S = % loci polymorphic (0.95 criterion). P9 9  =  % loci 
polymorphic (0.99 criterion). H0  =  mean observed heterozygosity ±  SEM. Hc = mean 
expected heterozygosity +. SEM.
Species P95 P99 Ho Hc
C. sapidus 0.067 0.133 0.0387 +  0.0057 0.0366 ±  0.0089
C. similis 0.067 0 . 2 0 0 0.0287 ±  0.0073 0.0285 +0.0120
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not affect growth at 23°C in their study, agreeing with our lack of an observed effect at 
similar temperature (21°C). Although salinity significantly affected growth of C. similis 
as measured by dry weight, growth in terms of carapace width remained unaffected, 
though there was a slight (insignificant) decrease at low salinity. Observed effects of 
salinity on growth were most significant when expressed in terms of dry weight. This 
maintenance of size despite decreased tissue growth may be an adaptation for predator 
avoidance.
While there are few published studies on C. similis growth (and none involving 
effects of salinity on growth), Hsueh et ah (1993) reported that juvenile C. similis grew 
slower than C. sanidus at 307oo. Das and Stickle (1993) noted that C. similis grew 
slower than C. sanidus over the course of a 28 day bioenergetics experiment measuring 
effects of hypoxia. Williams (1985) implied that salinity affected growth of Callinectes 
similis. although this conclusion was based on field sampling alone. In the present study, 
both species grew at similar rates (with respect to weight) at all but 5% o, where C. 
similis grew slower than C. sapidus (at 2.5%o). Growth of C. similis in terms of 
carapace width was less than that of C. sapidus at all salinities.
Callinectes sapidus growth rates reported here are somewhat lower than reported 
control values from studies testing the effects of diet on growth (Millikin et al., 1980), 
and of oil and hypoxia on bioenergetics (Wang and Stickle, 1987; Das and Stickle, 
1993). Our results agreed most closely with those reported in Millikin et ah (1980), the 
only one of these studies carried out for longer than 4 weeks. Growth rates over the first 
63 days of that experiment (a time course similar to ours) were 4.1 % wet weight increase
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per day and 2 .2 % carapace width increase per day, under optimal diet conditions and 
257oo salinity. All of the above studies, however, were carried out at 23°C or greater, 
which may explain the higher growth rates. Cadman and Weinstein (1988) reported C. 
sapidus growth to increase with temperature and concluded that the effect of temperature 
on growth of juveniles was greater than that of salinity. This study concentrates on the 
effects of salinity as it is considered to be the most important factor influencing 
distribution within estuaries. Still, it should be noted that growth rates at other latitudes 
or throughout the year may vary greatly from those reported here due to temperature 
differences, and this should be considered in all studies of growth.
Growth per molt of Callinectes sanidus measured as percent carapace width or 
wet weight increase was unaffected by salinity for all size classes. Wet weight increase 
per molt of 25-25mm (carapace width) C. similis was positively correlated with salinity. 
Cadman and Weinstein (1988) reported temperature and salinity to affect growth per molt 
of juvenile C. sapidus. However, the effect of salinity was confined to crabs exposed 
to temperatures at or below 19°C. At 23°C and above, salinity did not affect growth per 
molt. In a field study, Tagatz (1968) reported that juvenile (20-29mm) C. sapidus reared 
in saltwater (>57oo) for seven months exhibited greater growth per molt (25.6%) than 
those reared in freshwater (<17oo, 20.9%). It is likely, however, that factors other 
than salinity contributed to this difference. Specifically, temperature was variable and 
dipped to as low as 13.8 and 16.2°C in seawater and freshwater sites, respectively. The 
effect of salinity was probably more pronounced during these cooler periods, resulting 
in a decreased growth per molt at the freshwater site. Average growth per molt
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(carapace width) in the present study (19.77% for 15-25mm C. sanidus) were similar to 
those reported by Tagatz (1968) (25.8% for 20-29mm crabs) and Wang and Stickle 
(1987) (29.2% for ll-25mm crabs).
Callinectes similis from the 25-35mm size class exhibited greater increases in wet 
weight per molt than either 25-35 or 15-25mm C. sapidus. This contrasts with the 
results of Hsueh et aL (1993), where C. sapidus juveniles exhibited greater growth per 
molt than C. similis in terms of both wet weight and carapace width. However, the 
faster growth per molt of C. similis here was countered by significantly longer intermolt 
periods. Intermolt period of C. similis increased at both 307oo (58. Id) and 5% o 
(54. Id) relative to 10°/oo (43. Id), whereas that of C. sapidus was unaffected by salinity, 
intermolt period generally being shorter than that of C. similis. The interplay between 
intermolt period (shorter and less affected by salinity in C. sapidus) and growth per molt 
(higher and positively correlated with salinity for C. similis. but not C. sapidus) results 
in the patterns of growth rates for the two species presented in Figure 4.1.
Intermolt periods of Callinectes sapidus at 10%o were slightly longer than those 
at 30°/oo, but insignificantly different than those at 2.5%o. Guerin and Stickle (1992) 
reported no significant effect of salinity between 2.5 and 35%o, but a significant 
increase in intermolt period between 35 and 50%o. Tagatz (1968) and Cadman and 
Weinstein (1988) reported no effect of salinity. Intermolt periods reported here are very 
close to values reported by Fitz and Weigert (1991) (19-26d) and Millikin et al. (1980) 
(30d) for similar size crabs at similar temperatures. Cadman and Weinstein (1988) 
reported similar values as well, but noted a highly significant effect of temperature, with
intermolt period increasing as temperature decreased (30.5, 18.0 and 13.4d at 19, 23 and 
26°C). Tagatz (1968) noted similar differences between crabs during winter (mean temp. 
13.7°C) and summer (26.3°C), with average intermolt periods of 46 and 11 days, 
respectively. Wang and Stickle (1987), Guerin and Stickle (1992) and Das and Stickle 
(1993) reported somewhat shorter intermolt periods for juvenile C. sapidus. ranging from 
11.4 to 13.6 days. However, given the drastic effect of temperature and the fact that 
these studies were conducted at 23-24°C, this is not unexpected. Time of capture as well 
as temperature in the lab may play a role, as the latter two studies involved crabs 
captured in late summer, when water temperature was 25-30°C. C. sapidus used in this 
study were collected in April at 22°C. Previous exposure to high temperature in the field 
may predispose crabs to molt more rapidly.
C. similis intermolt period was similar (58d) to that of Hsueh et ah (1993) (42d) 
at 307oo (for crabs molting from the ll-20mm to the 21-40mm size class). As with 
results here, their findings reflected a difference between the species at 30°/oo, with C. 
sapidus molting more frequently than C. similis (C. sapidus avg. intermolt period=25d; 
28d in this study). Das and Stickle (1993), however, reported C. similis juveniles to 
exhibit similar intermolt periods (13.6d) to those of C. sapidus juveniles (12.4d) at 
30%o (control treatment in hypoxia study). Again, higher temperature and seasonal 
differences may have contributed to these shorter intermolt periods. These factors may 
also account for the lack of difference between the species, as we are unsure of the effect 
of temperature on C. similis.
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Based on actual growth rates measured here, optimal salinities for growth of 
juvenile C. similis are at 107oo and above, with growth at 30%o being insignificantly 
different from that at 10%o. Peak scope for growth reported in Chapter 2 for 
Callinectes similis from the same Port Fourchon site was at 35%o. Although scope for 
growth at 10°/oo was lower than at 35%o, it was significantly higher than that at 
2.5°/oo. Based on the results of both scope for growth and actual growth measurements, 
poor growth is predicted for C. similis juveniles at salinities below 10%o.
The homogenous pattern of growth across salinity for C. sanidus juveniles in this 
study does not correspond to the pattern of scope for growth reported for crabs from the 
same site (Guerin and Stickle, 1992). In the earlier study, scope for growth decreased 
from peak levels at 10-25%o to lowest levels at 2.5%o, whereas measured growth here 
was unaffected by salinity. This difference may be the result of C. sapidus acclimating 
to low salinity over the longer time course of this experiment (see below). Additionally, 
although crabs from this study were captured from the same site as those used in the 
bioenergetics study, salinity at the time of capture was lower (25 vs. 30%o), and they 
may have been acclimatized to lower salinity from previous exposure. Results of the 
bioenergetics study (Guerin and Stickle, 1992) demonstrated that populations of C. 
sapidus inhabiting waters of different salinities exhibit different response patterns to 
salinity gradients. In any case, patterns of growth reported here demonstrate that C. 
similis juveniles are less able to sustain growth at low salinity than C. sapidus juveniles.
Feeding rates of Callinectes sapidus were not affected by salinity at Day 0 and 
increased over time at low salinities, indicating that this species acclimates to low salinity
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over the 67 day period. This ability to acclimate may allow C. sapidus to maintain 
growth rates over time in extremely low salinities, allowing penetration into very 
brackish water of estuaries. C. similis. on the other hand, exhibited decreased feeding 
rates (approx. 50%) over the 67 day period at 5% o. This indicates that this species may 
not be capable of acclimating to low salinity. Feeding rate at 307oo decreased less 
drastically, while feeding rate at 1 0 % o remained stable.
Feeding rates for C. similis were lower than those of C. sapidus in all cases, 
except low salinity at days 0-7. Hsueh et ah (1993) reported similar results at 30°/oo, 
suggesting that slower growth rates of C. similis were attributable to lower feeding rates 
relative to C. sapidus. Increased energy expenditure probably contributes to differences 
between the species as well, particularly at low salinity. Although feeding rate of C. 
similis was highest at low salinity, albeit insignificantly by day 67, results of Chapter 2  
indicated that energy expenditure of C. similis attributable to respiration and excretion 
increased drastically at low salinity, doubling between 10 and 2.57oo. Salinities as low 
as 2.5% o did not, however, affect energy expenditure of C. sapidus (Guerin and Stickle, 
1992).
Osmoregulatory ability of both Callinectes sapidus and C. similis decreased 
somewhat by day 67, indicating that neither species acclimated to low salinity over time. 
Patterns of osmoregulation were maintained over time. Both species hyperregulated well 
above the isosmotic, with C. sapidus exhibiting slightly higher hemolymph osmolalities 
than C. similis. as reported by Engel (1977) and Piller et al. (in press). However,
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differences between the species did not appear to be as great as those reported in Engel 
(1977) and Piller et ah (in press).
Data on adult vs. juvenile osmoregulation suggest that C. sanidus adults are better 
osmoregulators than juveniles. Both species appear to exhibit slight hyporegulation at 
salinities above 35%o, maintaining hemolymph osmolalities just below the isosmotic. 
While the long-term data above suggest that neither species can improve osmoregulatory 
ability with exposure to low salinity, hemolymph osmolalities of adult C. similis from 
differing salinities suggests that acclimatization may occur. Adult C. similis from 22%o 
waters exhibit significantly higher hemolymph osmolalities than adults from 307oo or 
juveniles at 277oo, both of which regulate at similar levels. Indeed, adult C. similis 
from 227oo regulate as well as adult C. sapidus (captured at 237oo). This increased 
hemolymph osmolality may be due partly to attrition, and not to actual improvement in 
individual osmoregulatory ability with long-term exposure. In other words, average 
hemolymph osmolality may be inflated because only superior osmoregulators survive or 
remain in these low salinity waters over time. Nevertheless, results indicate the 
importance of considering salinity at the collection site when drawing conclusions 
regarding osmoregulatory ability. Marine invertebrates inhabiting differing salinities, 
including blue crabs, are known to exhibit intraspecific variation in physiological 
response patterns to salinity (Gezelius, 1963; Stancyk and Shaffer, 1977; Hicks, 1980; 
Mashiko, 1983; Shaner et al., 1985; Guerin and Stickle, 1992). To date, studies of 
salinity effects on C. similis (Engel, 1977; Hsueh et al., 1992a; Piller et al., in press) 
have not been clear regarding salinity at the time and site of collection. It is likely,
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however, that C. similis in these studies were collected at higher salinities than C. 
sapidus. simply by virtue of patterns of distribution and availability. While there 
probably is a difference in osmoregulatory ability between the two species, as reported 
for juveniles here and adults by Engel (1977) and Piller et ah (in press), this difference 
may be overestimated.
Similarly, tolerance of C. similis to low salinity may be underestimated in the 
literature. Results of Hsueh et al. (1992a) suggest that C. similis juveniles are unable 
to survive at 5% o (75% mortality after 7 days), whereas juveniles here (Chapter 2) 
exhibited 100% survival after 21 days. The former study, however, involved acute 
exposure, whereas the crabs in the latter were acclimated to low salinity at 2-37oo per 
day. Juveniles are probably more likely to encounter gradual decreases in salinity in the 
field, as they migrate to inshore nursery grounds. Rapid salinity changes may, however, 
prevent C. similis juveniles from inhabiting shallow marshes where periodic rainfall may 
result in sudden decreases in salinity.
Results here indicate that, in some cases, adult Callinectes similis are capable of 
osmoregulating better than juveniles and even better than adult C. sapidus. While this 
seems contradictory to earlier studies (Engel 1977; Piller et al., in press) and reported 
field distributions of juvenile vs. adult C. similis (Hsueh et al. 1993), cost of 
osmoregulation must be considered. Piller et al. (in press) suggested that the costs of 
osmoregulation incurred by C. similis may be greater. Perfused gills of both species 
exhibited increased oxygen consumption rates at low salinity, with the increase being 
greater in C. similis than in C. sapidus gills. This provides indirect evidence that the
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increase in respiration (and total energy expenditure) at low salinity reported in Chapter 
2 for C. similis but not C. sapidus was likely due in part to greater relative costs of 
osmoregulation. Piller et ah (personal communication) have further suggested that these 
differences were probably due to differences in gill permeability, with C. similis gills 
being more permeable to anions and cations, requiring more energy input to maintain 
hemolymph osmolality. Osmoregulation at low salinity, therefore, may be more 
energetically expensive for C. similis than for C. sapidus. decreasing energy available 
for growth and reproduction. This would result in less energy available for growth, as 
was demonstrated by bioenergetics results reported in Chapter 2 and reflected by 
decreased growth rates at low salinity here. Increased energy expenditure may be even 
more harmful in light of the drastic decrease in feeding rate observed at low salinity over 
time. Therefore, while it appears that C. similis can function and grow in the short term 
at low salinities, they may be unable to maintain this growth over time. This may 
explain why juveniles do not remain in low salinity waters for long.
Juveniles may be exhibit a trade-off, utilizing the increased resources of shallow, 
inshore waters at the expense of decreased physiological functioning. More abundant 
resources combined with the additional benefit of a refuge from predators may be enough 
to outweigh the increased metabolic costs incurred at low salinity, making it more 
beneficial for juveniles to inhabit inshore marshes than offshore waters. However, as the 
utilization of the resources of these marshes necessitates exposure to less than optimal 
environmental conditions, C. similis may be unable to maintain growth rates as high as 
C. sapidus. This may partially explain why C. similis exhibits a smaller adult size than
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C. sapidus. Growth to similar sizes as adult C. sapidus would have the consequence of 
increasing time to sexual maturity, and this may have been selected against, resulting in 
a smaller adult size of C. similis (or the entire "danae" group) relative to C. sapidus (or 
the entire "bocourti" group). C. sapidus. on the other hand, is capable of optimal 
physiological functioning in areas highest in biotic resources, allowing it to maximally 
exploit the abundant resources of low salinity marshes and obtain larger adult sizes.
Levels of polymorphism and heterozygosity for both Callinectes sapidus 
(P9S=0.067, Ho= 0.0387) and C. similis (P95=0.067, Ho=0.0287) reported here are very 
close to those of McMillen-Jackson et al. (1994) for Callinectes sapidus (P9S=0.09, 
Ho=0.04). Low levels of polymorphism are typical for decapods (Nelson and Hegecock, 
1980; Chow and Fujio, 1987). McMillen-Jackson et al. (1994) reported C. sapidus to 
exhibit little geographic variation in allele frequencies throughout the eastern United 
States, indicating substantial gene flow. It is likely that C. similis is comparably 
homogenous throughout its range, as both species have similar life cycles and dispersal 
patterns. Kordos and Burton (1993) reported significant spatial and temporal variation 
between populations of C. sapidus in Texas waters. McMillen-Jackson et al. (1994) 
attributed this to genetically heterogenous patches of larvae settling and being modified 
by selection based on local environmental conditions, and equated it with small-scale 
patchiness seen throughout the geographic range of C. sapidus. Nei’s (1978) genetic 
distance calculated for the two species indicates that they are, as expected, distinct 
species. Electrophoretic analysis of other species within the genus may allow a test of 
the validity of the molecular relationships proposed by Norse and Fox-Norse (1982). If
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species within the "bocourti' 1 group (large, inshore, low-salinity tolerant species) prove 
to be more closely related to each other, based on molecular evidence, than to species 
within the "danae" group (small, offshore, low-salinity intolerant species), then the 
groupings of Norse and Fox-Norse (1982) will be validated. We attempted to collect 
individuals of other members of the genus occurring in North America, but were only 
able to obtain substantial numbers of one (Callinectes ornatus). More species would be 
necessary to draw any conclusions regarding molecular relationships within the genus 
Callinectes.
Given their rare occurrence at salinities below 15%o, it is somewhat surprising 
that this study demonstrates Callinectes similis to be so capable of growing at salinities 
as low as 10%o. Effects of salinity on C. similis do not appear to be a factor at 
salinities of 107oo and above. However, given the drastic decreased growth, scope for 
growth and increased metabolic costs at salinities below 107oo, inhabiting waters this 
dilute may simply be too stressful. Possibility of sudden influxes of low salinity water 
may prevent C. similis from inhabiting 10-157oo waters for long periods, as heavy rains 
and flooding may result in exposure to stressful or fatal salinities. Factors other than 
salinity may play a role in distribution as well. Hsueh et al. (1992a) report that C. 
sapidus are more aggressive than C. similis. with adults preying heavily on juvenile C. 
similis. which likely regulates their abundance within salt marshes. Given the larger 
adult size of C. sapidus and the fact that the two species utilize common food resources 
(Hsueh et al., 1992b), C. similis may be outcompeted by C. sapidus in lower salinity 
waters most abundant in resources, driving distribution towards higher salinity, offshore
waters. Results of this study, however, reveal that effects of salinity alone are probably 
sufficient to limit C. similis distribution to waters of 107oo or greater.
«Chapter 5 
Summary and Conclusions
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Studies comparing the effects of salinity on the congeners Callinectes sapidus and 
C. similis to date have been rare and limited to measurement of acute responses. Salinity 
tolerance and osmoregulatory ability of C. sapidus and C. similis have been reported in 
earlier studies (Engel, 1977; Hsueh et ah, 1992a; Piller et ah, in press). This 
dissertation includes investigations of long-term sub-lethal effects of salinity and of 
another stressor (dissolved Cd) in conjunction with salinity. Results are discussed with 
the aim of yielding a more complete picture of how physiological responses to 
environmental factor gradients contribute to observed distributional patterns of the two 
species.
Callinectes sapidus are more tolerant of low salinity and penetrate lower salinity 
waters (to 0% o), whereas C. similis rarely inhabit waters below 15°/oo (Williams, 1984; 
Hsueh et ah, 1993). Norse and Fox-Norse (1982) have placed these two species into 
larger evolutionary groups within the genus possessing similar morphological, 
physiological and distributional characteristics. They include C. sapidus in the 
"bocourti" group (larger, inshore, more tolerant of low salinity) and C. similis in the 
"danae" group (smaller, offshore, less tolerant of low salinity).
While Callinectes sapidus has been the subject of intense research over the years, 
studies of other species within the genus, including C. similis. have been relatively 
scarce. C. similis has generally been considered incapable of inhabiting low salinities 
due to poor osmoregulatory ability, as demonstrated by Engel (1977). Results here, 
however, indicate that C. similis is capable of surviving and functioning in lower 
salinities than its distribution indicates. While peak scope for growth occurs at a higher
salinity (35°/oo) than C. sapidus (10-25%o), C. similis can still survive for extended 
periods below 15%o and exhibit positive scope for growth at salinities as low as 2.57oo. 
Scope for growth is significantly depressed at this salinity, however, with energetic 
expenditure doubling as salinity decreases from 10 to 2.5% o. Additionally, juvenile C. 
similis exhibited highest growth rates at 107oo (though not always significantly different 
from 307oo), indicating that this species is capable of growth at salinities below its lower 
distributional limit. Results of this study also indicate that juvenile C. similis 
osmoregulate as well as juvenile C. sapidus. and that adult C. similis may be capable of 
osmoregulating as well as adult C. sapidus. depending on salinity of the capture site. 
This directly contradicts the results of Engel (1977), which have often been cited as the 
basis for distributional differences between the species. Past studies on C. similis were 
likely conducted on crabs captured at high salinity, due simply to distribution and 
availability. C. sapidus inhabiting different salinities are known to exhibit intraspecific 
variation in response to salinity (Guerin and Stickle, 1992). Studies involving crabs of 
each species captured at various salinities would yield a more accurate picture of 
differences between the species. In any case, salinity at the time of capture should be 
considered in all future studies of salinity effects and it should be acknowledged that past 
studies may have underestimated both osmoregulatory ability and tolerance to low salinity 
of C. similis.
While these results indicate that Callinectes similis may be capable of handling 
lower salinities than previously thought, metabolic costs incurred at low salinity may be 
too great to allow long-term habitation of these waters. Our results reveal an increase
123
in metabolic costs due to respiration at 2.5% o relative to 10%o in C. similis. but not 
C. sapidus juveniles. Piller et al. (in press) report an increase in oxygen consumption 
at 1 0 °/oo relative to higher salinities in both species, with the increase being more drastic 
in C. similis. Preliminary results (Piller et ah, personal communication) indicate that 
gills of C. similis may be more permeable to ion flow than C. sapidus. requiring this 
species to expend more energy in the process of osmoregulating. Mortality must also be 
considered. C. similis were capable of osmoregulating at similar levels to C. sapidus 
when exposed to 2.5% o, but did not survive in this salinity much longer than one week. 
Equal or similar osmoregulatory ability does not, therefore, translate to equal ability to 
penetrate low salinity waters.
Additionally, juvenile Callinectes sapidus demonstrated increased feeding rates 
after two month’s exposure to low salinity, indicating this species may be able to 
acclimate to low salinity over time. In contrast, C. similis feeding rate declined at low 
salinity. Therefore, reduced scope for growth due to increased energetic expenditure at 
low salinities may be exacerbated in the long run by decreased energetic input via 
depressed feeding rates.
Increased effects of cadmium at low salinity, as reported here for Callinectes 
sapidus juveniles, may influence distribution as well. While not measured for C. similis. 
results for C. sapidus and other species (Rosenberg and Costlow, 1976; Wright 1977a; 
Weis, 1978; Frank and Robertson, 1979; Voyer and Modica, 1990; Bjerregaard and 
Depledge, 1994; DeLisle and Roberts, 1994) indicate that C. similis would likely exhibit 
similar increased effects of cadmium and other pollutants at low salinity. Since C.
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similis is already under greater stress than C. sapidus (due to low salinity alone), 
additional stressors could further limit distribution of this species in polluted 
environments. Other environmental factors, such as oxygen level, may play a role as 
well. Das and Stickle (1993) report C. similis to be more tolerant of long-term hypoxia 
(28 days) than C. sapidus. making it more capable of inhabiting offshore waters subject 
to periods of depleted oxygen.
Periodic dilutions to salinities of 5% o and below, which are sufficient to exert 
significant lethal and sub-lethal effects on C. similis. may make it difficult for this 
species to survive or remain in shallow marshes between 5 and 15%o. Although 
physiological data indicate C. similis is capable of functioning in these waters, it may 
simply be too risky. Norse and Fox-Norse (1982) report somewhat of a reverse situation 
for C. bellicosus. an eastern Pacific member of the "danae" group. This species inhabits 
inshore waters in northwestern Mexico, making it the only member of the "danae" group 
to diverge from the distributional patterns mentioned above. Inshore waters inhabited 
by this species, however, differ from those inhabited by members of the "bocourti" group 
in that, due to low rainfall and few permanent streams, they are subject to little dilution 
and are generally high salinity. Thus, although C. bellicosus inhabits inshore waters, it’s 
risk of exposure to stressful salinities is minimal. Inshore Atlantic coastal waters 
inhabited by members of the "bocourti" group are subject to greater risk of dilution than 
coastal waters of northwest Mexico inhabited by C. bellicosus. and are thus avoided by 
indigenous members of the "danae" group, including C. similis.
While differences in sub-lethal effects of salinity investigated here may be 
primarily responsible for distributional differences between these two species observed 
in the field, it is likely that other factors play a role as well. Ecological interactions 
between C. sapidus and C. similis have not been investigated in detail. The two species 
are known to utilize similar resources of food and space (Hsueh et ah, 1992b; Hsueh et 
ah, 1993) and may compete for these in areas where they coexist. Laboratory and field 
studies investigating competition between the species may yield additional explanations 
for observed distributions.
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